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The West African Monsoon (WAM) is a significant component of the global monsoon system
and plays a key role in the annual cycle of precipitation in the Sahel region of Africa (10oN
to 20oN) during the summer months (July to September). Rainfall in the Sahel varies on
timescales ranging from seasons to millennia as a result of changes in the WAM. In the
last century, the Sahel experienced a relatively wet period (prior to the 1960s) followed by
a period of severe drought (1970s-1980s) with higher-frequency variability superimposed
on this low-frequency background signal. Understanding precipitation variability like that
which occurred over the 20th Century and its impact on Sahel precipitation is critically
important for skillful hydroclimate predictions and disaster preparedness in the region.
Previous work has shown that the WAM responds to both internal atmospheric variabil-
ity and external oceanic forcing. A large fraction of 20th Century Sahel rainfall variability
has been linked to nearby and remote oceanic forcing from the Atlantic, Pacific, and In-
dian Oceans, suggesting that the ocean is the primary driver of variability. However, the
mechanisms underlying the influence of sea surface temperature (SST) forcing to land based
precipitation and the relative importance of the roles of di↵erent basins are not as well un-
derstood. To this end, the work completed in this thesis examines the physical mechanisms
linking oceanic forcing to recent precipitation variability in the Sahel and identifies them
alongside large-scale environmental conditions.
A series of moisture budget decomposition studies are performed for the Sahel in order
to understand the processes that govern regional hydroclimate variability on decadal and
interannual time scales. The results show that the oceanic forcing of atmospheric mass con-
vergence and divergence explains the moisture balance patterns in the region to first order
on the timescales considered. On decadal timescales, forcing by the Indian and Atlantic
Oceans correlate strongly with precipitation variability. The combination of a warm Indian
Ocean and negative gradient across the Atlantic forces anomalous circulation patterns that
result in net moisture divergence by the mean and transient flow. Together with nega-
tive moisture advection, these processes result in a strong drying of the Sahel during the
later part of the 20th Century. Diagnosis of moisture budget and circulation components
within the main rainbelt and along the monsoon margins show that changes to the mass
convergence are related to the magnitude of precipitation that falls in the region, while the
advection of dry air is associated with the maximum latitudinal extent of precipitation. On
interannual timescales, results show that warm conditions in the Eastern Tropical Pacific
remotely force anomalously dry conditions primarily through a↵ecting the low-troposphere
mass divergence field. This behavior is related to increased subsidence over the tropical At-
lantic and into the Sahel and an anomalous westward flow of moisture from the continent,
both resulting in a coherent drying pattern.
The interannual signal is then further explored, particularly in light of the expected link
between the El Niño Southern Oscillation and dry conditions in the Sahel, notably unseen
during the historic El Niño event of 2015. Motivated by this, recent El Niño years and their
precipitation signature in the Sahel along with the associated large-scale environmental
conditions are examined. Two di↵erent outcomes for Sahel summer season are defined; an
anomalously wet or an anomalously dry season coincident with El Niño conditions. The
di↵erent precipitation patterns are distinguished by increased moisture supply for the wet
years, which can be driven by both regional oceanic conditions that favor increased moisture
convergence over the continent as well as weaker El Niño forcing.
Finally, a series of new idealized SST-forced experiments that explore the causal link
between oceanic forcing and the response of convection in the region on daily time resolution
are discussed and preliminary results shown. These experiments aim to understand how
convection in the Sahel responds to SST forcing using transient model simulations that
track the evolving response of the WAM through time, day-by-day, under di↵erent oceanic
conditions. Preliminary results show the stark di↵erences in seasonal precipitation that
occur when anomalies of opposite sign are applied in parts of the Atlantic and Pacific
basin. There is also a suggestion of a di↵erence in the timing of the rainy season when the
model is run with di↵erent SST configurations.
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CHAPTER 1. INTRODUCTION 1
Chapter 1
Introduction
The Sahel region of Africa is distinguished by its steep latitudinal gradient in rainfall.
Translated literally from the Arabic “sahil,” meaning shore or coast, this semi-arid grass-
land sits between the dry Sahara Desert in the north and tropical rainforests to the south.
Broadly speaking, the Sahel refers to the sub-Saharan land region stretching from approx-
imately 10oN-20oN across the African continent (Figure 1), although some studies focus
on the West African Sahel only (ending around 20oE). The United Nations estimates that
the population of the Sahel, including parts of the countries of Senegal, Mauritania, Mali,
Burkina Faso, and Niger, among others, is approximately 140 million individuals at present
and rapidly growing (May et al., 2015). Agriculture serves as the dominant economic ac-
tivity in terms of percent of population engaged (UNEP, 2011), immediately linking issues
of hydroclimate with society in the region. Since only a limited portion of arable land is
irrigated, most farmers and pastoralists within the Sahel rely primarily on rainfall for food
production (Shiferaw et al., 2014). The region is particularly susceptible to precipitation
variability across a range of timescales and was thrust to international attention during the
1970s-1980s as a series of devastating droughts gripped the region.
The primary source of rainfall for the Sahel is the West African Monsoon (WAM).
Historically, monsoon climates have been identified as those that display a seasonal reversal
of low-level winds between winter and summer months (WCRP, 2011). Over many tropical
land regions including the Sahel, a monsoon climate dominates. The fundamental driver
of monsoons and their seasonally reversing wind pattern is a di↵erence in heating between
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Figure 1.1: Map of Africa and the Sahel region, shaded in purple.
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land and ocean. Increased solar radiation in summer rapidly warms the surface over land.
By contrast, the ocean surface warms more slowly because of its higher heat capacity. As
a result of this unequal heating of the surface, pressure and temperature gradients are
established that drive flow from the moist surface ocean towards the land region. For
the WAM, the winds reverse from easterly and northerly during boreal winter to primarily
southerly and westerly, bringing with them moisture enhanced air to the Guinean Coast and
equatorial West Africa as early as spring. From July-September, the WAM has migrated to
its northward maximum over the Sahel (Hagos and Cook, 2007) where moisture converges
to produce precipitation accumulation ranging recently from approximately 300 mm to over
800 mm (Fontaine et al., 2008; Nicholson and Webster, 2007). The short and intense rainy
season provides the yearly accumulation of rainfall, with virtually no precipitation falling
in the remaining months of the year.
Previous work has extensively demonstrated large variations of the WAM, translated into
Sahel precipitation variability on a wide range of timescales (Lebel et al., 2003; Nicholson,
2000; Shanahan et al., 2009). Evidence from the paleoclimatic record suggests millennial
scale rainfall epochs (Castañeda et al., 2009), as well as centuries to decades of persistent
anomalously wet or dry conditions (Shanahan et al., 2009). For the present-day instrumental
record, the largest signal is one of decadal-scale drought over the 20th Century, as the Sahel
transitioned from anomalously wet conditions during and prior to the 1960s to severely
dry conditions in the 1970s-1980s (Figure 2). The widespread reduction in precipitation
contrasted sharply with the higher precipitation rates that occurred for several decades
immediately before (Hulme, 2001) and represented an approximately 40% reduction of the
long-term annual average (Held et al., 2005; Nicholson and Webster, 2007). The magnitude
and spatial extent of the regional precipitation decline was unseen anywhere else in the
world (Held et al., 2005) and had severe impacts on the local inhabitants, environment, and
economy. Superimposed on this background low-frequency variability are higher-frequency
interannual to intra-seasonal fluctuations that also make up a large component of the overall
observed precipitation signature (Janowiak, 1988). Understanding this variability has been
a complicated scientific problem and one that is increasingly important in order to apply
research findings and build resiliency to climate variability in the region.
CHAPTER 1. INTRODUCTION 4




























Figure 1.2: Sahel precipitation anomalies (1979-2008 climatology removed) in various
datasets. A 10-year running mean is applied to the CRU data to show decadal variability
(black line).
As the Sahel enjoyed favorable rainfall accumulation through the 1960s, an expansion
of agricultural activities further north into the region occurred and intensified (Glantz,
1994). When rainfall declined abruptly in the 1970s, scientists originally proposed that
the changes in precipitation were anthropogenic in origin because of increased agricultural
demand. Charney, (1975) concluded that land degradation by the local population increased
surface albedo and led to net radiative cooling of the atmosphere, leading to increased
subsidence and decreases in precipitation. Together, it was suggested that this resulted in
a positive feedback cycle of further vegetation loss and increased surface albedo. However,
later work revealed that the suggested land use changes were exaggerated and that actually,
vegetation changes were more likely to be an e↵ect of low precipitation rates rather than
a cause (Taylor et al., 2002). Advances in modeling and observational networks revealed
instead an association between 20th Century rainfall variability in the Sahel and global sea
surface temperatures (SSTs) spanning multiple timescales (Folland et al., 1986; Lamb, 1978;
Palmer, 1986; Rowell et al., 1995). The SST-Sahel precipitation relationship was solidified
through the results of numerous works including Giannini et al., (2003) who were able to
capture both high and low frequency components of the 20th Century Sahel precipitation
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record using an atmosphere-only general circulation model (AGCM) prescribed with historic
SSTs as a boundary condition.
Since these pioneering studies, an entire body of work has been published to solidify
the dominance of the ocean driving Sahel precipitation variations across timescales. Many
of these studies have relied on the technique of applying observed SSTs or a blending of
climatologic SSTs and idealized anomalies to force AGCMs and study the resulting pre-
cipitation patterns. Within the various works, both global and regional oceanic signatures
have been shown to capably reproduce key aspects of the 20th Century Sahel precipitation
record. Hemispheric di↵erences in SST applied in models (i.e. a warmer northern ocean
compared to southern or vice versa) reproduce much of the shift in 20th Century Sahel
rainfall (Folland et al., 1986; Giannini et al., 2003; Rowell et al., 1995). Other work has
shown that forcing by the entire global tropical oceans more aptly reproduces Sahel pre-
cipitation characteristics (Hoerling et al., 2006). The decadal-scale changes in the Indian
Ocean have also been tied to the 20th Century shift in Sahel precipitation (Bader and Latif,
2003; Hagos and Cook, 2008; Lu, 2009; Palmer, 1986). As in other tropical regions, there
is also evidence for a role of the eastern tropical Pacific (i.e. ENSO) (Janicot et al., 1996;
Rowell et al., 1995; Thiaw et al., 1999; Ward, 1998) which negatively correlates with Sahel
rainfall on interannual timescales (Janicot et al., 1996; Janicot et al., 2001; Rowell et al.,
1992). Still others point to the role of regional influences on causing important aspects of
shorter-term precipitation change, including localized anomalies in the Atlantic basin (Mo-
hino et al., 2011; Vizy and Cook, 2002) and an influence of the Mediterranean Sea (Gaetani
et al., 2010; Park et al., 2016; Rowell, 2003).
These studies provide a good foundation but there remain clear limitations on under-
standing oceanic forcing of Sahel precipitation variability across timescales. This includes
gaps in understanding of the physical mechanisms that tie oceanic based changes to rainfall
over the land region and noting how these have varied in time. Another potential issue is
that many studies utilize di↵erent models and the relative influence of each basin has been
shown to be model dependent (Held et al., 2005). An additional challenge is in exploring
how the superposition of SST anomalies in di↵erent basins may add together to force more
extreme precipitation changes or work in opposition to each other and mediate one another’s
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e↵ects. This is not a trivial problem given results which suggest that competing e↵ects are
not linearly additive (Biasutti, 2013). It is critical to continue e↵orts to better understand
the oceanic influence on rainfall in the precarious Sahel region because its future remains
uncertain (Biasutti et al., 2008; Giannini et al., 2008) and depends in large part on how the
system will respond to competing e↵ects of SST-mediated change and the direct e↵ect of
increased greenhouse gas distribution.
An e↵ective way to begin to disentangle diverging future projections for Sahel rainfall is
to study that which have governed its historic variability. My goal in this work is to better
understand the physical linkages between variations in SST anomalies across the world with
Sahel precipitation on multiple timescales over the recent past. Major questions that are
addressed in this thesis to meet the goal include:
1. Which basins are most important for driving variations in moisture convergence on
di↵erent timescales and how do they impart their signature in the Sahel via large-scale
atmospheric circulation?
2. What are the mechanisms (changes in moisture convergence via mass convergence
or specific humidity advection) that govern ocean-forced variability in the region,
specifically dry conditions?
3. How do changes in the mechanisms operate similarly or di↵erently across interannual
and decadal timescales?
4. How do basins with di↵erent anomalies compete with one another to force precipita-
tion changes within and across seasons?
To answer these questions, I use a blending of observations, reanalysis, and model generated
data. Model experiments are described more in each chapter but generally use what has
been termed an “AMIP” (for Atmospheric Model Intercomparison Project) configuration
where the ocean surface serves as the prescribed boundary condition and the atmosphere
is free to respond and evolve but does not couple to the ocean surface to a↵ect the SST
pattern. The benefits of this type of study are that it ensures an accurate representation
of SST anomaly patterns and how they have varied in time. There are however limitations
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to the AMIP setup, including that some dynamics of the system may be distorted because
coupling between the ocean and atmosphere is not present (Tippett, 2006). Yet to under-
stand the atmospheric response to oceanic forcing, this type of experimental design has
been extensively employed including in many Sahel precipitation studies (e.g. (Hoerling
et al., 2006; Lu, 2009; Lu and Delworth, 2005; Park et al., 2016; Rowell, 2003), among
others). Another limitation is that land forcing is not explicitly prescribed and thus, a
small component of the modelled precipitation variation may be due to land-atmosphere
feedbacks. It is assumed that in averaging across multiple ensemble members for each ex-
periment, this e↵ect is small and the larger forcing by the ocean dominates. The work in
this thesis focuses heavily on output from The National Center for Atmospheric Research
(NCAR) Community Atmosphere Model (versions 4 and 5). Thus, results presented are
also naturally limited by this single model approach, but have been organized in such a way
as to closely study the oceanic influence on multiple timescales with consistency.
In Chapter 2, an atmospheric moisture budget decomposition is completed for the SST-
forced 20th-Century Sahel precipitation field. A full accounting of moisture budget terms
advances the understanding of precipitation variability by distinguishing it in terms of
contributions of specific humidity advection, changes in circulation components, and changes
in moisture convergence by subseasonal eddies (Seager et al., 2010). Notably, the budget
framework is not to be interpreted as causal, particularly in the tropics, as dynamical
components of the budget (i.e. moisture flux convergence) are inherently tied to spatial
and temporal changes of net surface moisture (Hagos and Zhang, 2010). However, the
comparative role of mass convergence and advection in decadal drying of the Sahel can still
be explored within this framework and important conclusions are drawn. Findings include
that the role of mass convergence dominates in the main precipitating region in the Sahel
which is consistent with other studies. The analysis goes a step further and shows that
specific humidity advection is also critically important in maintaining the northern margin
of rainfall. This work is published in (Pomposi et al., 2015).
In Chapter 3, a similar study is completed to determine the leading order drivers of
precipitation variability on the interannual timescale. Convergence of moisture is influenced
remotely by the El Niño Southern Oscillation (ENSO), particularly through its impacts on
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large-scale circulation patterns. This includes a reduction of monsoon flow at low levels
and increased subsidence with both diverging moisture away from the Sahel and drying
the region. The moisture budget’s link with large scale forcing is a new perspective that
illustrates the precipitation changes in the region through the lens of convergence and
specific humidity advection. This work is published in (Pomposi et al., 2016).
In addition to showing the mechanisms of moisture convergence associated with a dry
Sahel across timescales from an equilibrium moisture budget viewpoint, it is increasingly
important and necessary to understand sub-seasonal characteristics of precipitation variabil-
ity. Motivated by the historic El Niño event of 2015, Chapter 4 contrasts the sub-seasonal
patterns of precipitation during recent El Niños when seasonal totals were anomalously wet
or dry. The reasons for the di↵erent preciptiation signatures are then explored. Results
show that a deepening of the monsoon layer which can be understood by both increased
moisture supply via a warm subtropical North Atlantic and advection of higher moist static
energy (MSE) air in mid-atmospheric layers is consistent late in the season when it is wet
during El Niños. Di↵erences in El Niños themselves also likely have some e↵ect on the
precipitation patterns but this is more di cult to identify with observations. This chapter
purposely moves away from the seasonally averaged framework under which most studies
documenting the oceanic influence on Sahel precipitation have focused.
In light of the results of Chapter 4 and in order to better control for the influence
of di↵erent basins working in concert or opposition to drive Sahel precipitation change, a
new set of idealized modeling experiments are described and preliminary results highlighted
in the discussion and future research chapter (Chapter 5). This includes showing how
vastly di↵erent precipitation patterns are realized under a set of alternate ocean conditions,
broadly similar to the results of Chapter 4. There is also a suggestion of a change in the
rainy season onset date under di↵erent ocean configurations. The experiments described
pave the way for future research channels that will continue to build upon the knowledge
established through this thesis. Finally, conclusions are summarized in Chapter 6.
Overall, the results contained in this thesis help to establish a more complete framework
that links physical mechanisms in the ocean-atmosphere system to rainfall changes over the
Sahel. Not only does this help to explain observed changes in the past across a number of
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timescales, but it can also assist in addressing uncertainty regarding future projections for
the Sahel region under anthropogenic climate change. The results of this work are beneficial
both within and outside the scientific community, as e↵orts to provide seasonal forecasts
of precipitation and additional climate information to guide decision-making have been
steadily increasing in Africa (Tall, 2012). Therefore, it is extremely important to continue
research in understanding precipitation variability of the recent past with the hope that
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Chapter 2
Moisture budget analysis of
SST-driven decadal Sahel
precipitation variability in the 20th
Century
Note: A modified version of this chapter has been published in Climate Dynamics (2015)1
2.1 Introduction
Throughout the 20th century alone Sahel summer precipitation totals have varied immensely
with sweeping e↵ects for agricultural and economic interests of the local population, evi-
denced from the massive, prolonged droughts of the 1970s and subsequent famines. Many
previous studies attempted to better understand the reasons for the observed Sahel precip-
itation variability throughout the 20th Century. The apparent shift in rainfall throughout
the region can be described as the 1950s-1960s having greater annual rainfall totals than the
century-long mean, while conversely, the 1970s-1980s showed a large decrease in total rain-
1Pomposi, C., Kushnir, Y., and A. Giannini, 2015: Moisture budget analysis of SST-driven decadal Sahel
precipitation variability in the twentieth century. Clim. Dyn.., 44, 3303-3321
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fall. A local recovery of the monsoon rains occurred in the 1990s and early years of the 21st
Century (Grist and Nicholson, 2001; Nicholson, 2005), but there are questions as to whether
this is happening throughout the extent of the Sahel or is limited to the central portion of
the region (Ali and Lebel, 2009; Salack et al., 2011). The large-scale forcing agents of this
observed variability in Sahel rainfall have been studied extensively throughout the recent
decades and evidence for the association between 20th Century rainfall variability in the
Sahel and SSTs shown (Folland et al., 1986; Giannini et al., 2003; Palmer, 1986; Rowell et
al., 1995). Broadly speaking, this body of work has concluded that the Atlantic and Indian
Oceans are primarily responsible for decadal-scale variability, and high-frequency variability
is related to the Pacific Ocean and in particular the El Niño/Southern Oscillation.
Since these initial findings linking SST forcing to modulation of Sahel rainfall, many
further studies have focused on the connection of the West African Monsoon to the global
oceans on decadal timescales, with subtle di↵erences in their conclusions. Bader and Latif,
(2003) using the ECHAM4 model conclude that strong warming of the Indian Ocean since
the 1950s was predominantly responsible for the 20th Century drought. Lu and Delworth,
(2005) used the Geophysical Fluid Dynamics Laboratory (GFDL) Atmospheric Model 2
(AM2) forced with global SSTs to show that all tropical oceans appear to contribute to
drying in the Sahel, although the impact is larger for the Indian and Pacific Oceans than
for the Atlantic. They further note that such a result may be dependent on the model used.
Lu, (2009) also maintains the dominant role of Indian Ocean warming in driving the 20th
Century Sahel drought and provides a suggested mechanism for the teleconnection. Warm-
ing in the Indian basin causes enhanced local convection whose latent heat release stabilizes
the upper troposphere. Rossby waves carry mid-tropospheric descent to the west of this
region of heating, suppressing convection over Africa both due to the sinking motion and
to the reduced availability of moisture at the surface resulting from low-level divergence.
Hagos and Cook, (2008) similarly found e↵ects of the Indian Ocean in forcing the drought
and subsidence over Africa. They note that local convergence over the Indian Ocean induces
a Rossby wave response and anomalous anticyclonic circulation over West Africa, driving
moisture away from the continent. This drying is further enhanced by the tropical Atlantic
warm anomaly, which forces convergence over the region, continuing to deplete the supply of
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moisture to the continent and therefore desiccating the Sahel. On the other hand, Hoerling
et al., (2006) using a 40-member Atmosphere General Circulation Model (AGCM) ensem-
ble, failed to reproduce the causal link between Indian Ocean warming and Sahel drying,
instead concluding that the relative cooling of the tropical North Atlantic compared with
the tropical South Atlantic was the key driver of the 20th Century drought. Finally, Cam-
inade and Terray, (2010) used the ARPEGE model to conclude that the interhemispheric
dipole pattern of SSTs, with the southern hemisphere oceans warming more quickly than
the northern hemisphere oceans after 1970, shift the continental rainbelt southward, thus
drying the Sahel. They also find some contribution to low frequency drying by the Pacific
basin.
Clearly, the relationship between Sahel precipitation variability throughout the 20th
Century and global basins SSTs is robust. What remain unclear are the mechanisms of
rainfall variability in the region as driven by SST changes, and in particular the commu-
nication of oceanic changes to land. The character of precipitation over land is dependent
not only on the locally available moisture via evaporation in the atmospheric column, but
also the moisture that is supplied to the region from transport (Brubaker et al., 1993; Tren-
berth et al., 2003), and thus the local dynamical patterns of convergence or divergence in
a region. A full accounting of terms in the moisture budget equation contributes to the
interpretation of precipitation variability, specifically by distinguishing between the roles
of changes in specific humidity, changes in circulation, and changes in moisture transports
by subseasonal eddies (Seager et al., 2010). Notably however, budget consideration should
not be interpreted as causal, particularly when discussing tropical convection, where the
dynamical components of the budget (moisture flux convergence) are tied to the changes
(in space and time) of net moisture at the surface in a strong local diagnostic relationship
(Hagos and Zhang, 2010).
Here the moisture budget associated with the 20th Century Sahel drought is studied
using the SST-forced National Center for Atmospheric Research (NCAR) Community At-
mosphere Model, version 4 (CAM4) (Gent et al., 2011). Specifically, this framework allows
for answering the following questions:
1. What are the changes in mechanisms of moisture convergence associated with the
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drying of the Sahel?
2. To what extent did changes in atmospheric circulation a↵ect decadal-scale variability
in Sahel precipitation through the 20th Century?
This chapter is organized as follows. Section 2.2 and 2.3 describe the data and method-
ology used, respectively. Section 2.4 provides an overview of the models capability to
reproduce the 20th Century Sahel precipitation characteristics and draws comparisons with
observations and the NCEP/NCAR Reanalysis. Section 2.5 provides further support for
the model driven analysis, by documenting the SST-teleconnections that are present with
model-generated precipitation. Section 2.6 then details the model climatology and variabil-
ity for moisture budget variables. In Section 2.7, regressions of the moisture budget terms
on the SST index from Section 2.5 are provided to understand the mechanisms of the 20th
Century drought as driven by the SST field. Section 2.8 examines vertical cross sections
of the budget terms throughout the rainbelt over West Africa to draw more detailed infor-
mation regarding the dynamics of the drying. Finally, conclusions are provided in Section
2.9.
2.2 Data
The data used in this study come from both observations and a SST-forced general circu-
lation model (GCM). The observed precipitation dataset used here is from the University
of East Anglia Climatic Research Unit (CRU), TS 3.1 (Mitchell and Jones, 2005). It is
derived from station data, homogenized to correct for potential errors in station reporting,
and interpolated to a regular latitude by longitude grid. TS 3.1 precipitation data spatial
resolution is 0.5o and its temporal resolution is monthly. The observed SST data are ob-
tained from The Met O ce Hadley Centre HADISST1 dataset (Rayner et al., 2003). The
data have a 1.0o latitude by longitude spatial resolution and a monthly temporal resolution.
Monthly anomalies for both datasets are computed by removing the long-term (1901-2008)
climatological mean by calendar month. The SST data are also used as the lower-boundary
condition to drive the CAM4 model for the years 1901-2008 16-member ensemble runs that
vary only in their initial atmospheric conditions. CAM4 was run at the Lamont-Doherty
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Earth Observatory using these historical global SSTs for previous studies (Seager et al.,
2012). The use of ensemble averaging of the model-generated variables ensures that their
SST-forced component is emphasized and reduces the impact of other variations. The en-
semble averaged model output utilized in this study includes precipitation, evaporation, sea
level pressure (SLP), specific humidity, and wind velocity, of which the latter two variables
are also a function of the model vertical grid. Variables are averaged over the peak mon-
soonal season, defined as July-September (JAS). When taking a spatial average of variables
over the Sahel, the bounds used are (10oN to 18oN) and 15oW to 30oE. In comparing the
budget behavior during wet and dry years (in Section 2.8), 15 consecutively wet model
years (1925-1939) and 15 consecutively dry model years (1975-1989) before and after the
1968 shift are used. In that case the budget terms are averaged in longitude over ( 10oE to
10oW) to capture their behavior over West Africa.
The model generated precipitation data is also briefly compared to the NCEP-NCAR
Reanalysis (Kalnay et al., 1996) precipitation. The NCEP-NCAR Reanalysis uses a fore-
cast system data assimilation procedure to produce a record of regularly gridded global
atmospheric variables at sub-daily timescales and 2.5o spatial resolution for the years 1948-
present. With this time range, it is the only reanalysis product available that covers the
entirety of the Sahelian rainfall shift in the late 1960s-early 1970s (since the ERA-40 Reanal-
ysis (Uppala et al., 2005) only begins in 1957, it misses a large portion of the significantly
wet early 1900s). However, we choose to limit our study on the moisture budget of the
Sahel to the model output, because previous work (Kinter et al., 2004; Poccard et al., 2000)
has shown that the NCEP-NCAR Reanalysis precipitation field over Africa has spurious
trends.
2.3 Methods
2.3.1 Filtering of Data
In order to isolate the decadal signal of precipitation variability, a 10-year running mean
filter is applied to the precipitation and SST data. Due to this technique, the last n-1 (where
n represents the number of years) data points are eliminated and the running segments are
CHAPTER 2. MOISTURE BUDGET ANALYSIS OF SST-DRIVEN DECADAL
SAHEL PRECIPITATION VARIABILITY IN THE 20TH CENTURY 16
1901-1910, 1902-1911, and so on until 1990-1999, thus spanning the duration of the 20th
Century. In some cases, the filter is not applied to show a baseline for the climatology and
standard deviation of precipitation in the region; this is clearly indicated in the figures and
text.
2.3.2 Maximum Covariance Analysis
In order to determine the dominant modes of covariability between global ocean surface tem-
peratures and rainfall in the Sahel, Maximum Covariance Analysis (MCA) is used (Brether-
ton et al., 1992). This technique applies a Singular Value Decomposition (SVD) procedure
to the covariance matrix of normalized precipitation and SST anomalies. Filtered data for
the MCA are linearly detrended in time followed by normalization of each of the related
variables (SST and precipitation) by their spatially averaged variance. For computation
reasons, gridded precipitation data are interpolated to a 2o latitude by longitude grid and
a 2o latitude by 3o longitude grid for SST before computing the SVD. When the MCA is
completed for the model data, it is on the ensemble-averaged precipitation.
2.3.3 Atmospheric Moisture Budget
According to Brubaker et al. (1993), on timescales >10 days (i.e. seasonal), precipitation,
evaporation, and net moisture transport into or out of an atmospheric column balance (i.e.
the time tendency and storage can be neglected). This can be depicted mathematically












In this equation, the di↵erence between precipitation (P ) and evaporation (E) (converted
to mm/day for this work) is equal to the convergence of the column integrated moisture flux
(Vq, where V is the horizontal wind vector and q is the specific humidity). p
s
is a terrain
following hybrid-sigma pressure coordinate, resulting in the lack of a surface term. P  E is
scaled by the density of water (⇢
w
) and gravitational acceleration (g). The convergence of
the moisture flux can be understood as the net amount of vertically integrated water vapor
transport that is present in the atmospheric column.
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After taking the time mean on both sides of Equation 2.1, the columnar moisture flux
convergence can be separated into changes in the moisture convergence due to the monthly
mean circulation and changes due to convergence of moisture by intra-monthly transient
eddies (Seager et al., 2010; Trenberth and Guillemot, 1995), following Seager and Henderson,
(2013). First, the steady state moisture budget in pressure coordinates from Equation 2.1

















(Note that in this study, the vertical integration is carried out on the models native hybrid-
sigma pressure grid in order to achieve more accurate results). The JAS seasonal mean is























where overbars correspond to the monthly means, primes denote departures from monthly
means, and double overbars denote climatological monthly means. The first term on the
right-hand side of Equation 2.3 represents convergence by the mean flow, while the second
term on the right-hand side represents convergence by submonthly transient eddies. Finally,
by bringing the divergence operator inside the summation in Equation 2.3, the convergence


































In Equation 2.4, the first term on the right-hand side represents the contribution due to
mean mass convergence, while the second term on the right-hand side represents the contri-
bution due to mean flow moisture advection. For a more detailed description of the moisture
budget breakdown and associated errors, the reader is referred to Seager and Henderson,
(2013). The climatologic and anomalous terms for the moisture budget are computed sep-
arately for each model run and later averaged across ensemble members.
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2.4 Comparison among observations, NCEP-NCAR Reanal-
ysis, and model performance
Figure 2.1 provides a visual summary of decadal (10-year running mean) precipitation
variability throughout the 20th Century. The detrended average JAS precipitation anomaly
(mm/day) averaged over the Sahel domain is compared in observations (red line), the
NCEP-NCAR Reanalysis (black line) and the model ensemble mean (dark blue line). The
light blue shading represents the spread of model values between all ensemble members by
showing their 5th and 95th percentile seasonal values. A few points are clear from this figure.
In the observations, there is a shift in the rainfall anomalies from mostly positive prior to
the mid-1960s to mostly negative afterwards. The model ensemble mean also captures this
signal, with dampened variability due in part to the use of the ensemble averaging. The
model ensemble spread captures the majority of the variability seen in the observations.
The correlation between the decadal CRU observations and the CAM4 ensemble mean is
0.7715, significant at ↵ = 0.05. Although there is even stronger correlation between the
CRU observations and the NCEP-NCAR Reanalysis (r=0.8040), there are a few concerning
points with the use of this dataset. First, the NCEP-NCAR Reanalysis shows a huge drop-
o↵ in precipitation that is well outside of that which was observed. Furthermore, later in
the century the reanalysis is much too dry compared to the observations and model, and
then it largely overestimates the rainfall anomalies starting around 1995.
In so far as the climatology is concerned, it may be appropriate to use the NCEP-
NCAR Reanalysis over the Sahel for a su ciently long period of time. Figure 2.2 shows
the JAS precipitation climatology (mm/day) calculated for the time period common to all
datasets (1949-2008) using the unfiltered CRU observations, NCEP-NCAR Reanalysis, and
the CAM4 ensemble-averaged, model generated precipitation. Each of the plots shows the
coherent band of rainfall observed over the Sahel, with relative maximum in precipitation
over the Guinea Coast. Weaknesses of the model include a tendency to rain too much over
the Red Sea and the Arabian Peninsula, and a slight western bias of the rainfall distribution.
Overall, both NCEP-NCAR and the CAM4 model capture the major features of the Sahel
rainfall climatology during the monsoon months. However, when the variability in the
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Figure 2.1: JAS precipitation anomalies (mm/day) for the CRU observations (red line),
NCEP-NCAR Reanalysis (black line), and CAM4 model ensemble mean (dark blue line).
Light blue shading indicates the 5th to 95th percentile of the model runs.
three datasets is studied, new insight emerges. Figure 2.3 shows the unfiltered average JAS
precipitation root mean square anomaly (mm/day) for 1949-2008. It is clear to see from
Figure 2.3 that while the CRU observations (Fig. 2.3a) and the CAM4 model (Fig. 2.3c)
generated precipitation fields show similar amounts in their ranges of rainfall variability,
the NCEP-NCAR Reanalysis precipitation product (Fig. 2.3b) greatly overestimates the
variability over the Sahel. The variability in the reanalysis is almost twice as large as the
other two in the Sahel latitude band (10o-18oN).
The above findings are consistent with previous studies questioning the validity of the
NCEP-NCAR precipitation fields over Africa. Kinter et al., (2004) and Poccard et al.,
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Figure 2.2: JAS precipitation climatology (mm/day) for the time period common to all
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Figure 2.3: JAS precipitation root mean square anomaly (mm/day) for the time period
common to all 3 datasets (1949   2008) for a. CRU b. NCEP-NCAR and c. CAM4
ensemble average
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(2000) show that between the end of the 1950s and the early 1960s, NCEP-NCAR rainfall
amounts over the African continent are overestimated by as much as 15-30% of the observed
annual total in some places. While it is known that a true shift in the precipitation regime
occurred during this time, using split moving-windows dissimilarity analysis, they showed
that the transition in the observations is smaller and much more gradual, while the NCEP-
NCAR Reanalysis shift is artificial, due to the change in data availability that occurred
around that time. According to the authors, this could have impacted the reanalysis fields
that are model generated, such as precipitation and it is clear from the above analysis that
both the magnitude and variability of the rainfall averaged over the Sahel su↵ers from these
errors.
2.5 SST Teleconnections in the CAM4 model
The results of our MCA analysis applied to the decadal almost global SST field and African
precipitation are shown in Figure 2.4. Figure 2.4a and b show the regression of the SST field
(for observations and model, respectively) on the SST time series derived from the MCA
(displayed in Figure 4e and f). The two figures are largely identical as the model is forced
by the observed SST. The pattern of SST anomalies seen in these figures is consistent with
the ocean areas displaying significant decadal SST anomalies as seen in Figure 2.5. Here we
isolated areas of the global ocean basins that exhibit strong decadal variability, by applying
an F-test to the ratio of SST (i.e. the decadal signal) and the interannual component of
the SST variations (calculated as the di↵erence between the total SST anomaly field and
its 10-year running mean). The areas of the ocean where the F-test indicates significance
(↵ = 0.2, and F is   1.06), or equivalently where the decadal variability is significantly
di↵erent from the interannual component, are shaded. From this plot, we can see that
portions of the Indian Ocean and equatorial Atlantic exhibit larger variability on decadal
timescales than interannual. It is in these same areas where variability is large in Figure
2.4a and b, thus lending confidence in the MCA results.
The summertime spatial patterns of precipitation anomalies that covary with the SST
fields (Fig. 2.4a,b) are shown in Figures 2.4c and d for observed and modeled precipitation,
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Figure 2.4: MCA for observations (left panels) and model (right panels). a and b. Regres-
sion of SST anomalies on the SST Mode 1 (normalized) time series (e and f). c and d.
Regression of precipitation anomalies (average JAS in mm/day) on the Mode 1 SST time
series. The correlation between the two time series (e and f) is 0.9240
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Figure 2.5: Results of the F-test for equal variances. Shading indicates significance at
↵ = 0.2
respectively. The sign of the anomalies shown in these figures is set to correspond to
the drought phase of the Sahel. Similar results for both the observations (Fig. 2.4a,c,e)
and the model generated data (Fig. 2.4b,d,f) are apparent, giving confidence in using the
model for further work. Figure 2.4a and b show the regression of the SST data on the
indices from Figure 2.4e and f (respectively). It is clear that in both observations and
model, the dominant mode of SST-forcing on decadal timescales that is associated with
drying in the Sahel is the meridional temperature gradient in the Atlantic Ocean (relatively
cool Northern Atlantic and relatively warm Southern Atlantic), along with warm Indian
Ocean SSTs, corroborating previous findings (Bader and Latif, 2003; Hoerling et al., 2006;
Lu, 2009). Panels 2.4c and d then show the spatial pattern of precipitation anomalies
(mm/day) regressed onto the SST Mode 1 time series. In both model and observations, the
Atlantic SST dipole pattern and the Indian Ocean warming are associated with a decrease in
precipitation over the Sahel region of Africa. The model similarity to observations confirms
that the change in SST is forcing the change in precipitation. The regression coe cients
are of similar magnitude and agree well spatially. In both cases the precipitation anomalies
associated with the SST patterns described above are characterized by drying throughout
the extent of the Sahel band, and relatively wet conditions in equatorial and Southern Africa.
There is a tendency of the model to dry too much over equatorial Africa as compared to
the observations, as well as over the Arabian Peninsula, where model summer rains are
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more intense and spread more widely than in observations (Fig. 2.2). The model also
does not capture the concomitant wetting over the Gulf of Guinea that is seen in the
observations and fails to simulate the extent of the coherent dry band through Eastern
Africa (Ethiopia), where drying occurs in observations. Despite these inconsistencies, the
overall characteristics of a dry Sahel are well represented by the model. Finally, the SST
normalized time series for both observations and model (Fig. 2.4e and f) are very similar,
with a correlation coe cient of 0.9240, significant at ↵ = 0.05. The total variance explained
for the precipitation pattern by the SST time series is similar in observations (42%) and
model (45%).
2.6 Model Moisture Budget Climatology
Having validated the performance of the CAM4 model in representing important relation-
ships between SSTs and Sahel precipitation, and pointing to the lack of accurate, available
observations that span the entire 20th Century, analysis of the model generated variables
is the next focus. Figure 2.6 details the spatial distribution of the unfiltered average JAS
model climatology (1901-2008) for precipitation (Fig. 2.6a), evaporation (Fig. 2.6b), and
their di↵erence (P  E, Fig 2.6c). Also shown are the total moisture flux convergence (Fig.
2.6d), moisture convergence by the mean flow (Fig. 2.6e), and moisture convergence by the
transient flow (Fig. 2.6f). The contribution of mean flow mass convergence (Fig. 2.6g) and
mean flow moisture advection (Fig. 6h) to the total mean flow moisture flux convergence
are also shown. Here all variables are expressed in mm/day and convergence (divergence)
is indicated by the green (brown) shading. By studying the variables from the moisture
budget separately, these plots provide interpretation for the mechanisms governing average
precipitation and its variability that occurs over Africa and particularly, the Sahel. The
climatological precipitation field (Fig. 2.6a) shows a coherent band of rainfall which coin-
cides with the northern intrusion of the West African Monsoon, and appears to be centered
around 10o-12oN. The evaporation field (Fig. 2.6b) largely resembles the precipitation field,
as to be expected, since the moisture available for evaporation over land largely comes from
antecedent precipitation. The largest areas of evaporation occur over the oceans, where
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there is a relatively infinite supply of moisture. When the di↵erence between the two fields
(Fig. 2.6c) is taken, there is a clear delineation between areas with positive P E (i.e. areas
where precipitation exceeds evaporation) and those with negative P   E (i.e. areas where
evaporation exceeds precipitation). The climatology for the monsoon months shows excess
P over E throughout the Sahel, with a relative maximum on the western coast extending
into the Atlantic Ocean. In Figure 2.6c, positive P   E (net moisture) can also be seen
clearly seen over the Indian Ocean.
Based on the moisture budget equation, P  E (Fig. 2.6c) equals the column integrated
total moisture flux convergence (Fig. 2.6d). For the most part, there is rough agreement
between these two terms in the model output. The convergence band in Figure 2.6d tends
to not be as coherent in space throughout the Sahel, and thus is a bit noisier than P   E
(for discussion of the source of errors in calculating a moisture budget from model data see
Seager and Henderson, (2013)). Also, when the total moisture flux convergence (Fig. 2.6d)
is calculated, there tends to be too much convergence (and consistently positive P  E) over
the Sahara desert, an area where it hardly rains in nature. This clearly reflects a model
bias. When the total moisture flux convergence is broken down into convergence due to the
mean flow (Fig. 2.6e) and convergence due to transient, subseasonal eddies (Fig. 2.6f), it is
clear that in terms of the climatology, the total moisture flux convergence and consequently
the precipitation field is dominated by convergence due to the mean flow itself. In some
areas, such as over Senegal and southwestern Mali, the transients tend to work in opposition
to the mean flow and produce divergence of the moisture flux, but overall in a climatologic
sense, the transients also wet the Sahel by converging air over the region, although with a
much smaller magnitude than the mean component.
The convergence by the mean flow is then broken down into a part due to mass conver-
gence (Fig. 2.6g) and a part due to the advection of specific humidity gradients (Fig. 2.6h).
It can be seen that the converging mass dominates over humidity advection. The magni-
tude of the converging air is larger and follows the same tendency as the convergence by the
mean flow, which is to converge air over the extent of the Sahel, thus producing wetting.
On the other hand, the advection of specific humidity gradients tends to dry the Sahel in a
climatologic sense. It does this both by carrying dry air from the northern Sahara into the
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region, as well as by driving moisture out of the region and towards the Atlantic Ocean.
The advection of moisture out of the region is not su cient to deplete the area of moisture
however, and overall convergence by the mean flow still wins out in the climatology. It is
interesting that the patterns of mass convergence and the advection of specific humidity
almost precisely work in opposition to one another, even showing weak divergence of the
former east of Lake Chad and vice versa for the latter. More about the relationship between
these two processes is discussed in Section 2.7.
Figure 2.7 presents the standard deviation of the precipitation (Fig. 2.7a), evaporation
(Fig. 2.7b), and P   E (Fig. 2.7c) in the study area. These standard deviation plots
show that the precipitation field (Fig. 2.7a) varies substantially, while the variability in the
evaporation field (Fig. 2.7b) is damped. This is to be expected as the evaporation over
land works as a slave to the precipitation, and is dependent upon it. The observed spatial
gradients in net moisture at the surface (i.e. P  E, Fig. 2.7c) are thus not due to gradients
in local evaporation but rather to the strong spatial gradients in precipitation itself.
2.7 Moisture Budget of Decadal Variations
To examine the moisture budget components associated with the hydroclimate changes
forced by the decadal SST pattern depicted in Figure 2.4b, Figure 2.8 shows the regression
of the 1901-1999 moisture budget anomalies (mm/day) on the corresponding SST time
series (Fig. 2.4f). This particular phasing of SSTs and precipitation allows for study of the
variations in the moisture budget that help explain the observed 20th Century drought.
The regressions of each of the moisture budget terms are shown in Figure 2.8 by the color
shading, where green (brown) again corresponds to convergence (divergence). To facilitate
comparison, the climatological fields from Figure 2.6 are overlain on the panels of Figure
2.8 in black contours, with dotted contours for positive values, dashed for negative, and
solid for the zero contour. The dominant decadal scale SST pattern shown in Figure 2.4b
forces drying over much of the African continent, as seen in Figure 2.8a. Compared to
the climatology, there is a slight southward shift of the rainbelt over the Tropical Atlantic
and in the west, which corresponds to the Atlantic Ocean meridional temperature gradient
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Figure 2.6: JAS model climatology for a. precipitation b. evaporation c. P   E d. total
moisture flux convergence e. convergence by the mean flow f. convergence by the transient
flow g. mass convergence and h. advection of specific humidity. All terms have been
converted to mm/day. Note that convergence is + (green) and divergence is - (brown). The
zero contour is shown in black
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Figure 2.7: JAS standard deviation (1901-2008) for a. precipitation b. evaporation c.
P   E. All terms are in mm/day
forcing a shift in the location of the Intertropical Convergence Zone (ITCZ). The latitude
of maximum precipitation in the west now occurs southward of 10oN and over the ocean,
which is in contrast to the climatology where this occurs over West Africa centered around
approximately 10o-15oN. Due to this drop in precipitation over the northern Sahel, there
is a visible decrease in evaporation associated with the SST patterns that occurs over the
region of precipitation decrease (Fig. 2.8b). This is not the case south of about 15oN,
where evaporation increases slightly. The model output thus suggests that over the northern
Sahel evaporation could have further amplified the local drying due to a lack of moisture
recycling from local rainfall. Not surprisingly, the P  E term (Fig. 2.8c) largely resembles
the precipitation patterns, showing net negative moisture flux where the climatology shows
positive (dotted contours). There is a slight bias in the model to continue to show positive
P  E along the eastern flanks of the Sahel, roughly corresponding to parts of Chad, Sudan,
and Ethiopia.
Besides this area of the Sahel with weak moisture convergence, the total moisture flux
term (Fig. 2.8d) for the rest of the region exhibits moisture divergence associated with the
SST phase in Figure 2.4d. Convergence over the Indian Ocean can be seen concomitant
with the large-scale divergence in the Sahel noted above. The divergence is dominated
by the mean flow (Fig. 2.8e) and as argued before is part of a Rossby wave response to
the convergence over the Indian Ocean (Giannini et al., 2005; Hagos and Cook, 2008; Lu,
2009). According to Hagos and Cook, (2008), the subsiding and diverging air over Central
and West Africa produces an anticyclonic circulation in the region, which drives westward
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Figure 2.8: Regression of model output JAS anomalies (colors) on the model SST index from
Fig. 4. for a. precipitation b. evaporation c. P   E d. total moisture flux convergence e.
convergence by the mean flow f. convergence by the transient flow g. mass convergence and
h. advection of specific humidity. All terms have been converted to mm/day. Contours show
the climatologic values from Fig. 2.6. Solid black line denotes the 0 contour, dotted lines
denote positive contours and dashed lines denote negative contours. The contour interval is
from -10 to 10 by 2.5 (mm/day) in all plots except for convergence by the transients (Fig.
2.8f) and specific humidity advection (Fig. 2.8h) where it is -3 to 3 by 1 (mm/day)
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transport of moisture away from the continent. This can be seen in the specific humidity
advection plot (Fig. 2.8h) where there exists a negative advection of humidity centered
along 10oN and 10oW.
It is clear once more that the total moisture flux convergence (Fig. 2.8d) is dominated
by the mean flow convergence (Fig. 2.8e), as the two are nearly identical not only in their
climatologies but also in the regression plots. During the phasing of SSTs described above,
the transients (Fig. 2.8f) also contribute to the drying observed through the 20th Century,
showing weak divergence patterns over West Africa that extend eastward into the continent.
In the case of the Western Sahel, the tendency for both the mean flow and transient flow
to diverge moisture results in the particularly dry Sahel shown in Figure 2.8c and d. It
is also the case that the drying by the mean flow term in the west is attributable to both
the divergence of air mass (Fig. 2.8g) and advection of specific humidity (Fig. 2.8h) there.
However as noted previously, in both the P   E (Fig. 2.8c) and total convergence (Fig.
2.8d) plots, there is weak convergence in the eastern Sahel, in particular to the east of
Lake Chad. This is coming from convergence by the mean (Fig. 2.8e), specifically from
mass convergence (Fig 2.8g), whereas the moisture advection term (Fig. 2.8h) dries the
area. It can be seen from a plot of the column-integrated moisture flux vectors (Fig. 2.9),
that there is indeed convergence of the air parcels to the east of Lake Chad. However,
these air trajectories are bringing with them dry air from the Sahara desert and Arabian
Peninsula. Thus even though the air masses converge (Fig. 2.8g) along approximately
15oN, the advection of the dry parcels (Fig. 2.8h) partially o↵sets this e↵ect so that in the
net, the mean flow (Fig. 2.8e) shows weak convergence in the eastern Sahel. Over most of
the western Sahel both mass divergence and dry air advection contribute to drying. The
transients (Fig. 2.8f) also act to dry the entire region across the African continent.
2.8 Moisture Budget Terms and Dynamics in Wet and Dry
Periods
To better understand the hydrological changes in the main rainbelt of the western Sahel, a
series of pressure-latitude cross sections (averaged over 10oE-10oW) from the model ensem-
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Figure 2.9: Regression of column-integrated moisture flux vectors on the model SST index
from Fig. 2.4
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ble mean are studied next. Following the arguments made by Hagos and Zhang, (2010),
the cross sections based on model climatology help to distinguish how the terms operate
both in areas where strong latent heating occurs and where it is absent, while the di↵erence
between dry and wet periods provides insight into the dynamics of the SST-driven decadal
variability.
Figure 2.10 shows the latitudinal distribution in rainfall amounts in the climatology
(Fig. 2.10a) and the normalized anomalies during the wet and dry years (Fig. 2.10b). In
the latter panel, the rainfall changes over land are largest in the rainbelt maximum region,
and decline northward. Figure 2.11 shows latitude-pressure cross sections of the meridional
and vertical wind fields in the climatology and for the dry minus wet years (Figs. 2.11a and
b, respectively). Note that the vertical velocity has been scaled by a factor of 10 to better
display the overturning components of the circulation. According to Hagos and Zhang,
(2010), the mass circulation in this region is dominated by the divergent wind component
and the role of the rotational wind is negligible. Thus the winds depicted in this figure relate
closely to the mass divergence and moisture advection discussed below. In the climatology
(Fig. 2.11a), surface southerlies and northerlies converge around 22oN, where the Saharan
heat low is found (Fig. 2.11c). Over the center of the surface low, the air rises throughout
the lower troposphere, below approximately 600 mb. The rising motion associated with the
heat low combines with the deep vertical upward flow over the rainfall maximum at 12oN.
This creates an impression of a shift in the rising column associated with the maximum
precipitation region (see also Hagos and Zhang, (2010)).
The di↵erence plot (Fig. 2.11b) prominently displays a decrease in the upward flow of
air around 12oN during the dry period, consistent with the reduction in precipitation (Fig.
2.10b). Furthermore, anomalous subsidence dominates throughout the troposphere above
approximately 800 mb in the main rainbelt, from about 8o-16oN. Near the surface, changes
in the flow are connected with the changes in the intensity of the Saharan heat low seen
in Figure 2.11d. There is an increased convergence associated with advection of dry air
from the north around the heat low center (18o-24oN) into the Sahel. This “filling in” or
weakening of the surface low has been previously shown to coincide with less rainfall in the
Sahel in model studies (Biasutti et al., 2009). The sea level pressure climatology panel (Fig.
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Figure 2.10: a. JAS model precipitation climatology (mm/day) as a function of latitude
and b. standardized anomalies (unitless) during the wet period (light grey) and dry period
(dark grey)
2.11c) clearly shows the Saharan thermal low at approximately 22oN. The di↵erence panel
shows increasing pressure during the dry period across the land section shown but there is
a greater increase in the surface pressure from the center of the heat low northward than
to the south, indicating the same weakening of the low as the wind field suggests.
Figure 2.12 presents latitude pressure cross sections for the model ensemble means JAS
climatology (left column) and dry minus wet years di↵erence (right column). Here the
moisture flux convergence and its component terms are shown, revealing consistent behav-
ior with the dynamical interpretations made above. Panels a and b show the total moisture
flux convergence. In the climatology, consistent with the heuristic model of the monsoon
in Hagos and Zhang, (2010), strong near surface divergence over the ocean (south of 7oN)
feeds a broad region of strong near-surface convergence that stretches from about 10o to
25oN. Low tropospheric convergence extends through the precipitation maximum into the
relatively dry areas north of about 18oN (see Fig. 2.10a). Consistent with the absence of
strong precipitation northwards of 18oN there is strong divergence at mid-levels ( approxi-
mately 500-800mb), centered on approximately 20oN that in the vertical integral balances
the convergence at the surface in this same region and caps the shallow convection. Alterna-
tively, a weaker divergence center in the mid-troposphere which is not of su cient strength
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Figure 2.11: a and c. JAS climatologic meridional and vertical velocity (m/s) and sea
level pressure (mb) as a function of latitude and pressure. b and d. The same but for the
dry-wet years di↵erence. Note that a scaling of 10 has been applied to the vertical velocity
component
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to counter the surface convergence, is centered on approximately 10oN, resulting in a net
convergence in the column i.e., positive P   E.
In the di↵erence plot (Fig. 2.12b), stronger divergence prevails above approximately
900 mb throughout the high precipitation latitude band ( 10o-18oN) during the dry period
compared to the wet period, which is consistent with the reduced rainfall. The behavior near
the surface displays a weak reduction of low-level convergence during the dry period south of
15oN and an increase in surface convergence during the dry period between 15oN and 20oN.
This increase is confined to the lower troposphere and appears more than compensated by
the overlaying layer of mid to upper level divergence, thus explaining the overall drying in
the region. Evidence from the wind field (Fig. 2.11b) also suggests that the anomalous
moisture convergence is related to mass convergence as seen in Fig. 2.12d.
Panels 2.12c and e show the contribution of mass convergence and humidity advection to
the total moisture flux convergence in the climatology. It is clear from both panels that the
climatological convergence of air masses plays the dominant role in the total, near-surface
moisture flux convergence. Strong surface convergence (Fig. 2.12c) extends further north-
wards than the latitude of maximum precipitation (Fig. 2.10a). In the mid-troposphere
over the rainbelt, it is mass flux divergence (Fig. 2.12c) that is primarily responsible for only
partially balancing the near-surface moisture flux convergence in the atmospheric column
(Fig. 2.12a). North of 15oN, the strong center of moisture flux divergence at mid-levels
is largely due to humidity advection (Fig. 2.12e). This is associated with dry air advec-
tion from the north (Fig. 2.11a). There is however a secondary contribution from mass
flux divergence centered over the Saharan heat low (Fig. 2.12c). Thus, consistent with
expectations and with the heuristic model of Hagos and Zhang, (2010), the behavior in the
precipitating versus non-precipitating regions di↵er; whereas net column mass convergence
is the dominant term in the rainbelt, the major factor in determining the northward extent
of the precipitation band is the advection of specific humidity or the circulation bringing
dry air from the north into the Sahel.
Panels d and f show the moisture balance components for the dry minus wet years, re-
spectively. Note that overall changes in mass flux convergence (Fig. 2.12d) play a dominant
role in the total moisture flux convergence changes (Fig. 2.12b). The only region where
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Figure 2.12: JAS climatology (left panels) and dry-wet years di↵erence (right panels) for a
and b. total moisture flux convergence, c and d. mass convergence, e and f. advection of
specific humidity as a function of latitude and pressure. All terms are in mm/day. Note
the di↵erence in scale for each column
the contribution from humidity advection stands out is just north of the rainfall maximum,
centered at 15oN, where advection increases moisture divergence centered at approximately
800 mb; increased divergence more than outbalances the small surface convergence below
(Fig. 2.12f). This represents a strengthening and equatorward movement of the heat low
as well as the northern edge of precipitation compared to the climatology.
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2.9 Conclusions
In this chapter it is found that both the magnitude and the pattern of decadal scale pre-
cipitation variability in sub-Saharan Africa are realistically depicted in a SST-forced long
integration of CAM4, albeit with some spatial biases. This spatial resemblance as well as
the alikeness in the simulated time evolution of the precipitation response to SST compared
to the observed evolution, in particular during the late 1960s decadal Sahelian precipitation
shift, serves as impetus for using the model output in order to provide relevant information
for studying mechanisms governing the decadal changes in sub-Saharan hydroclimate. This
confirms a similar conclusion regarding using CAM4 in Sahel hydroclimate variability by
(Cook et al., 2012). The same cannot be said about the NCEP-NCAR Reanalysis dataset,
which is plagued with serious biases that span the critical time interval.
Using the results of the MCA and a SST forced AGCM, it is found that the warming
in the Indian Ocean and relative cooling in the Northern Tropical Atlantic and warming in
the Southern Tropical Atlantic played a role in causing the 20th Century Sahel drought.
This finding is consistent with previous studies using di↵erent models for analysis (Bader
and Latif, 2003; Hoerling et al., 2006; Lu, 2009; Lu and Delworth, 2005) and helps to point
to the robust relationship among anomalies in these basins and decadal scale precipitation
variability regardless of the particular model used.
Results support the notion that a relatively cool Tropical Northern Atlantic compared
to a relatively warm Tropical Southern Atlantic Ocean shifts the axis of the ITCZ and the
maximum rainfall in the western Sahel slightly southward relative to the climatologic ITCZ
latitude. Furthermore, the drying is mostly accounted for by increased moisture divergence
of the mean monthly flow, which is related to anomalous mass divergence in the air column
where there would otherwise be convergence. This result is partly simply consistent with
the change in P  E and cannot be viewed as causal. However, some of the changes in mass
divergence patterns could have resulted from the teleconnection with convergence over the
Indian Ocean and subsidence over West Africa due to Rossby wave dynamics. Changes in
the moisture budget are also associated with a change in the intensity and position of the
near-surface heat low, which further increased the supply of dry air to the Sahel from the
north. The response of the advection of specific humidity is to drive moisture out of the
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continent following the subsiding and diverging motion at mid-levels, thus further depriving
the Sahel of moisture necessary for precipitation. The role of the transient motions seems
important as they persistently act to weakly dry the Sahel across the continent, where in
the climatology they largely converge air over the region.
The above findings are corroborated for the western Sahel by showing changes in the
Saharan heat low, wind fields, and moisture budget component terms. A weakening of the
heat low occurs simultaneously with decreased precipitation in the western Sahel, which
is consistent with increased subsidence and a slight increase in surface convergence. The
shallow convection that occurs does not produce precipitation, being limited in height to
approximately 900 mb. Furthermore, the behavior of the advection term does not greatly
di↵er between the climatology and the dry period; there still remains positive specific hu-
midity advection around 12o-20oN, defining the Sahel itself. This subtly points to the
interpretation of the local convergence patterns in a column integrated sense as being more
important for the di↵erences seen in the dry period. The behavior of the model ensemble
average variables is interpreted as related to the warm phasing of the Tropical Southern
Atlantic and Indian Oceans shown in the MCA analysis and thought to increase sea level
pressure over the Sahara through Rossby wave radiation and to stabilize the upper atmo-
sphere by transferring heat aloft in these areas via deep convection (Lu, 2009). Thus, in
answering the original questions posed in this study, it is concluded that the atmospheric
circulation changes forced by the warming of the Indian Ocean and the dipole pattern of
the Atlantic basin help explain the Sahelian drought of the mid-20th Century, particularly
in the western Sahel. In the model, drying over the northern Sahel is enhanced by reduced
evaporation indicative of a land surface feedback on reduced precipitation.
Obviously, other timescales of importance exist when studying Sahelian rainfall variabil-
ity. A companion study that applies the same moisture budget framework to interannual
variability is presented next to provide insight for the mechanisms operating on shorter
timescales. Further work could also be done in order to study whether the same terms that
dominate overall P  E natural variability are also at work in explaining the climate change
projections for this region. In other words, if the Sahel is expected to become wetter in the
future, do the models show increased mass convergence dominating the signal in the area,
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consistent with the arguments outlined above? Or will this trend be dominated by increased
specific humidity advection, essentially a certainty as the atmosphere continues to warm?
Such a study compared to the results of this work would help to facilitate understanding
of the character of natural precipitation variability in the region and di↵ering mechanisms
due to climate change.
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precipitation variability in the
Sahel
Note: Amodified version of this chapter has been published inGeophysical Research Letters
(2016)1
3.1 Introduction
In addition to the decadal scale variability previously shown, Sahel precipitation exhibits
considerable variability on the interannual timescale as well. These higher-frequency varia-
tions are also associated with and primarily driven by variations of sea surface temperature
(SST) in the major ocean basins. Specifically, interannual fluctuations are fundamentally
remotely forced by tropical Pacific SST variations associated with the Niño-Southern Oscil-
lation (ENSO) (Folland et al., 1986; Giannini et al., 2003; Janicot et al., 1996; Janicot et al.,
1Pomposi, C., Giannini, A., Kushnir, Y., and D.E. Lee, 2016: Understanding Pacific Ocean influence on
interannual precipitation variability in the Sahel. GRL., 43 (17), 9234-9242
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1998; Janicot et al., 2001; Rowell, 2001; Rowell et al., 1995; Ward, 1998). The major focus
of this study is to explore the mechanisms governing remote ocean influence on variability of
the WAM on the interannual timescale. This chapter emphasizes the role of ENSO forcing
in the hydrological balance, i.e., the moisture flux convergence pattern over the Sahel and
the resulting precipitation fluctuations. By decomposing the moisture budget into contri-
butions from specific humidity advection, circulation changes that a↵ect mass convergence,
and changes in moisture transport convergence by subseasonal eddies, the primary pro-
cess(es) that govern the change in net surface moisture flux (precipitation-evaporation or
P-E) can be identified and explored (Seager et al., 2010). The utility of such a diagnostic
approach has been demonstrated for observed precipitation variability in the Southeastern
U.S. [Li et al., 2013], future projections of midlatitude hydroclimate (Seager et al., 2010),
as well as for the WAM annual cycle (Fontaine, 2003; Thorncroft et al., 2011) and the case
of the 20th century “decadal shift” in Sahel rainfall in the previous chapter. Here, a similar
approach is employed to study the changes in mechanisms of moisture convergence on the
interannual timescale, addressing the following:
1. What are the physical mechanisms that govern ocean-forced variability in the region,
specifically dry conditions?
2. How do these relate to prior hypotheses regarding the dynamics of “remote” and
“local” oceanic influences on monsoon variability across the tropics (Giannini, 2010;
Seth et al., 2011) and particularly in the Sahel?
3.2 Data and Methods
3.2.1 Observations and Model
Observational precipitation data utilized are from the University of East Anglia Climatic
Research Unit (CRU) TS 3.2.2 data set (Harris et al., 2014). This data set is based on rain
gauge observations that are interpolated to a 0.5o latitude/longitude grid. As in Chapter 2,
after validating the model simulation of the association between anomalous global SST and
African precipitation, the output is used to clearly attribute causality to SST changes and
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discern the underlying physical mechanisms of Sahel precipitation variability. The model
employed is the atmospheric component of the National Center for Atmospheric Research
(NCAR) Community Earth System model version 1.2, which is referred to as CAM5 (Neale
et al., 2012) with T42 horizontal resolution and 30 vertical levels. CAM5 is forced by
monthly varying, historical SST observations and sea ice concentration from the UK Met
O ce’s Hadley Centre (HADISST1) (Rayner et al., 2003) to produce an ensemble of 16
members, each over 150 years in length and di↵ering only in their initial atmospheric state.
The resulting Global Ocean Global Atmosphere (GOGA) runs were ensemble averaged to
determine the leading modes of precipitation and SST covariability (see below). It is stip-
ulated that in forcing CAM5 with global SSTs and taking the ensemble mean, other e↵ects
related to Sahel (and global) rainfall variability will be minimized (e.g., reduce the influence
of weather and other non-SST-related variability and the corresponding land-atmosphere
interactions) and the SST-forced component is primarily retained. For other calculations,
including computing the variability of the model and budget terms, each ensemble member
was operated on separately before ensemble averaging. Variables are presented as averages
for the peak monsoon season, JAS, during the years 1979-2008. Selection of this time period
ensures that results are characteristic of interannual fluctuations and not confounded by the
large-scale decadal shift in precipitation that occurred prior to 1970.
3.2.2 Analysis
Maximum Covariance Analysis (MCA) (Bretherton et al., 1992) is again used to extract
the simultaneous seasonal mean relationship between the prescribed global SST anoma-
lies and Sahel rainfall on the interannual timescale as represented in observations and the
CAM5 ensemble average output, both of which are detrended before computing the MCA.
From this analysis, the region of the global ocean that is best correlated with interannual
changes in Sahel rainfall can be determined and JAS precipitation anomalies regressed on
an appropriate SST index. In this case the index used for the regression is the standardized
Niño 3.4 index (Kaplan et al., 1998) (measuring anomalies in the Pacific between 5oN5oS
and 170oW120oW). Regressions are thus interpreted as amount change per standard devi-
ation change in SST. The mechanisms by which remote SSTs influence Sahel precipitation
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are studied by adopting the atmospheric moisture budget approach, which equates the net
change in moisture flux at the surface P   E with the vertically integrated total moisture
flux convergence. The latter is then broken down into the time mean and eddy components
as outlined in Seager and Henderson, (2013). Represented in its discrete form from k=1 to



























is the density of water, g is gravitational acceleration, P denotes precipitation,
E is surface evaporation, q is specific humidity, and V is the horizontal wind vector. The
summation is completed on the model’s original hybrid-sigma pressure grid. As shown in
Equation 3.1, by taking the monthly mean, the total moisture flux convergence is divided
into two components, one due to convergence of moisture transport by the mean flow and
another due to convergence by transient eddies (first and second terms on the right-hand
side, respectively). In this equation, an overbar represents individual monthly means, and
primes denote departures from monthly means.
The mean flow moisture convergence can then be subdivided into two components
(Equation 3.2), one associated with mass convergence (first term on the right-hand side)
and the other with advection of specific humidity (i.e., with the moisture flux convergence








































JAS seasonal means are presented, derived from the monthly data used to compute budget
terms in the manner just described. The moisture budget terms are computed for each
ensemble member separately so we can correctly capture processes contributing to the
hydroclimatic variability. Finally, these are averaged across all members to reduce variability
not related to SST forcing.
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3.3 Results
Figures 3.1a and 3.1b show the JAS precipitation climatology in observations and the CAM5
GOGA ensemble mean, respectively. Both data sets show the strong north-south precip-
itation gradient characteristic of the Sahel, with maximum rates in excess of 10 mm/day
that decline to approximately 2 mm/day at the region’s northern margin, as well as a local
maximum in rainfall on the west coast (rates exceeding 10 mm/day) that represents the
extension of the Atlantic Marine Intertropical Convergence Zone (ITCZ) onto land. The
model underestimates the climatological precipitation rates along the Gulf of Guinea and
equatorial Africa. On the other hand, the 2mm/day precipitation contour, a rough ap-
proximation of the Sahel’s northern extent, displays a slight northeastward tilt in CAM5
compared to observations. This results in a slight wet bias (Figure 3.5 and explanation in
the Supporting Information discuss this more) and also impacts ENSO’s teleconnection to
the Sahel (discussed later). The model also does not represent well the regional precipita-
tion maximum over the Ethiopian Highlands, placing it instead over the southern Red Sea.
This could be related to the relatively low resolution in the presence of complex topography
as well as to the tendency of models with prescribed SSTs to rain too much over warm
sea and ocean areas. Figures 3.1c and 3.1d show, respectively, the observed and pooled
model root-mean-square (RMS) precipitation variability for the core monsoon season. In
the observations (Figure 3.1c), the temporal variability of rainfall in the region ranges from
0.5 mm/day at the Sahel’s northern margin to 2.5 mm/day in the region of maximum pre-
cipitation along the coast. Variability is slightly underestimated by the model and there is
less regional heterogeneity than the observations suggest. This is partly due to the model
simulation being completed on a coarser horizontal grid; Stronger agreement exists when
CRU is interpolated to the common 2.8o resolution latitude/longitude grid (Figure 3.6).
Notably, both the precipitation climatology and RMS anomaly in CAM5 exhibit substan-
tial improvements over its predecessor CAM4, especially in the latitudinal structure of both
fields which diminishes a strong northeastern bias (as described in Chapter 2), and precip-
itation characteristics across all Sahel grid boxes are realistic when compared to a number
of observational data sets (Figure 3.5). Thus, this version of the CAM model is judged
satisfactory in representing overall Sahel precipitation features.
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Next, the major mode of interannual covariability between SST and precipitation is
highlighted, providing a foundation on which to study the associated model moisture budget
characteristics. Figure 3.2 shows the result of the MCA applied to the JAS seasonally
averaged Hadley SST and African precipitation. Figures 3.2a and 3.2b show the regression
of SST anomalies on the leading MCA pattern of SST for the observations and the model,
respectively. ENSO is clearly indicated as the leading cause of covariation with Sahel
rainfall on interannual timescales, similar in both data sets. When SST anomalies in the
Eastern Tropical Pacific are warmer than normal and the Western Tropical Pacific is colder
than normal (characteristic of El Niño), drought conditions exist in sub-Saharan Africa
(Figures 3.2c and 3.2d). This same ocean region exhibits significant interannual variability
as indicated by an F test (not shown) and has been shown previously to influence the Sahel’s
high-frequency precipitation variability (e.g.(Giannini et al., 2003)). The presence of SST
anomalies in the equatorial Atlantic and positive anomalies in the Indian Ocean are also
noted. Part of this SST distribution can be the result of ENSO forcing (Alexander et al.,
1999), but the appearance of the anomalies in the MCA pattern can also be a result of
the analysis itself, which attempts to optimize the covariance between relating SST and
land precipitation patterns during a limited time interval. The combination of these e↵ects
may result in ambiguity in attributing the precipitation change to a single SST source; this
ambiguity will be addressed later (see also Figures 3.8 and 3.9).
Regression of precipitation anomalies on the same MCA-derived interannual SST indices
(Figures 3.2c and 3.2d) show that dry conditions in the Sahel are associated with a warm
Eastern Tropical Pacific (i.e., an El Niño state), as evidenced in both the observations
(Figure 3.2c) and CAM5 (Figure 3.2d). In both data sets the dry pattern extends even
beyond the Sahel and more broadly throughout the WAM region to the Gulf of Guinea
coast. Dry anomalies along the coast are particularly pronounced in CAM5. This is due to
the overly zealous response to SST anomalies in the Atlantic basin (Figure 3.9) compared
to the observations. On the other hand, dry anomalies in the Sahel forced by ENSO
are underestimated in the model. This suggests that the strength of the teleconnection
is underestimated in CAM5 perhaps due to other processes that reinforce the drying in
nature but are not well represented in the model (e.g., land surface feedback), or because of
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inherent biases in the model’s simulation of ENSO’s teleconnection to the Sahel. The latter
includes a southward shift of the response confirmed in the climatology (not shown) and
the finding that the ENSO teleconnection in the West Sahel is not statistically significant
in the model ensemble mean (Figure 3.8). The above discussion helps to explain why Sahel
precipitation does not respond as strongly to the forcing in Figure 3.2b as observations
suggest. Nonetheless, despite these limitations, the model response to ENSO is consistent
and similar to observations.
To study the mechanisms of moisture convergence driven by the leading mode of SST
variability on the interannual timescale (i.e., ENSO), the JAS moisture budget anomalies
are regressed on the standardized Niño 3.4 index (Figure 3.3). This observational index is
selected rather than the MCA-derived index in order to control for the influence of equatorial
Atlantic and Indian SST anomalies previously described. Even so, it is confirmed that there
still exists significant covariability during JAS in the Southern Equatorial Atlantic related
to ENSO (Figure 3.8). Thus, to more clearly distinguish the roles of each of the individual
basins, accounting for e↵ects of their covariations with one another, completion of a multiple
linear regression with both indices is done in the Supplementary Informaiton. This confirms
the dominant role of ENSO forcing dry conditions in the Sahel (Figure 3.9).
In Figure 3.3a, negative precipitation anomalies (colors) are evident east-west across the
continent between about 5oN and 20oN. Comparison with the climatology (contours) reveals
that the reduction in precipitation during El Niño events influences the entire summer rain
band and extends throughout West Africa to the Gulf of Guinea. Drying is pronounced here
because the model responds too strongly to Atlantic forcing, particularly the cold conditions
in the Southern Equatorial Atlantic (see comments above and Figure 3.9). A reduction in
the evaporation (Figure 3.3b) from the land surface occurs over a much narrower strip of
land, confined to about 15oN - 20oN, consistent with reduced precipitation, and hence soil
moisture. The anomalous evaporation (Figure 3.3b) is only a fraction of its climatological
value and does not follow the spatial structure of the precipitation field. Thus, the spatial
pattern and magnitude of net surface moisture (P   E) anomalies (Figure 3c) are mostly
influenced by the reduction in precipitation (Figure 3.3a). The largest declines in P   E
occur roughly in the same area where the largest climatological P   E values are found
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Figure 3.1: Top: JAS precipitation climatology (mm/day) for CRU (a) and GOGA CAM5
(b). Contours with intervals from 2 to 10 by 2. Bottom: JAS root mean square (RMS)
anomaly (mm/day) for CRU (c) and GOGA CAM5 (d). Contours with intervals from 0.5
to 2.5 by 0.5. Sahel latitudes are outlined (10o-20oN).
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Figure 3.2: Top: Regression of JAS 1979-2008 SST (oC) anomalies (contours, -0.5 to 0.5 by
0.1) on the standardized SST index derived from the MCA for observations (a) and model
(b). Shading indicates regions where the regression is significant at ↵ = 0.05. Bottom:
Regression of JAS 1979-2008 precipitation (mm/day) anomalies (colors) on the same index
for observations (c) and model (d). The zero contour is shown in black.
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(i.e., along the Gulf of Guinea and stretching northeastward into the continent). The total
moisture flux convergence (Figure 3.3d) roughly balances P E as expected, showing strong
divergence of moisture over the coast along the Gulf of Guinea and northward into the Sahel
characterizing the region’s dry phase. There are also centers of strong moisture divergence in
parts of East Africa and the nearby Red Sea. Anomalous moisture flux divergence associated
with El Niño dominates throughout the entire region where the climatological (contours)
moisture flux converges, consistent with the precipitation changes. This anomalous moisture
divergence is accomplished mostly by the mean flow moisture flux convergence (Figure 3.3e),
which clearly dominates the magnitude of drying over divergence of moisture by transients
(Figure 3.3f). In some cases, such as around 18oN, particularly in the east, the transients
work to converge moisture and o↵set the drying pattern.
In subdividing the moisture convergence by the mean flow into a term associated with
mass convergence (Figure 3.3g) and another with specific humidity advection (Figure 3.3h),
it becomes clear that mass convergence is the dominant player in the budget associated with
ENSO forcing. Strong mass divergence occurs over the tropical Atlantic and throughout the
Sahel during El Niño, contributing the most to the decline in net moisture flux at the surface.
Specific humidity advection (Figure 3.3h) weakly dries the region, increasing in magnitude as
one travels eastward across the Sahel, to cause stronger drying east of approximately 30oE.
That ENSO influences the Sahel primarily through a dynamical response and associated
e↵ects on the overall atmospheric circulation in the tropics is consistent with prior studies
including Janicot et al., (1996) and Rowell, (2001) and is supported by the dominant role of
the mass convergence term in the present study. In the model, advection of moisture wets the
band bordering on the northern edge of the Sahel to partially oppose the mass convergence
term. This is related to the circulation change in the presence of the climatological moisture
gradient over North Africa (Figure 3.4).
In order to provide a clearer explanation of ENSO’s control on interannual variability
in the region, the horizontal wind field (vectors) at two pressure levels in the lower and
upper troposphere are shown, along with the mass convergence field (colors), extending
the domain to include the easternmost portion of the Pacific basin. At the 850 mb level,
anomalous divergence of mass is evident throughout the region (Figure 3.4a), primarily
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due to the westward flow that develops in association with increased convergence over the
warmer than normal Eastern Equatorial Pacific. Specifically, these wind anomalies can be
interpreted in part as a Gill-Matsuno type response, driven by the warm anomaly in the
Eastern Tropical Pacific and subsequent atmospheric heating that occurs during El Niño
(see also Kucharski et al., (2009)). Warming over the Eastern Tropical Pacific sets up an
east-west pressure gradient that favors anomalous westward flow across Africa at low levels
(Figure 3.4a), consistent with anticyclonic flow that stretches from the Eastern Pacific to the
Atlantic basin. The anomalous winds drive moisture out of West Africa and the Sahel at this
critical, moist atmospheric level whose wind characteristics are important for characterizing
dry or wet years (Grist and Nicholson, 2001). The anomalous flow pattern is reversed at
upper levels (Figure 3.4b) where the flow is eastward. Thus, the response to El Niño is an
anomalous center of convergence of mass in the upper troposphere across the Sahel (Figure
3.4b), which together with the mass divergence at the 850 mb level (Figure 3.4a) is indicative
of large-scale subsidence over the region. This is further confirmed through regression of
the 500 mb level vertical wind anomalies on the same Niño 3.4 index (not shown).
3.4 Conclusions
This results from this chapter show that interannual-scale variability of Sahel rainfall is
convincingly depicted in CAM5 when forced with historic SST observations, despite some
limitations. The benefit of studying the model output is the increased ability to link rainfall
mechanisms to SST change. A analysis of Sahel interannual precipitation variability and
its links to global SST anomalies confirm the dominant role of ENSO, even though the
model’s forced signal is too weak compared to observations. The results are consistent with
prior studies that attribute high-frequency rainfall variability in the Sahel to conditions in
the Pacific Ocean (Giannini et al., 2003) through the atmosphere’s dynamic circulation re-
sponse to ENSO events (Janicot et al., 1996; Rowell, 2001), here utilizing a moisture budget
approach. Net surface moisture in the Sahel is reduced during El Niño events primarily due
to the reduction in moisture flux convergence by the mean flow and accomplished mostly
through a reduction in atmospheric mass convergence. These are impacted substantially
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Figure 3.3: JAS moisture budget anomalies regressed on the standardized Niño 3.4 index
for a. precipitation b. evaporation c. P  E d. total moisture flux convergence e. moisture
convergence by the mean flow f. moisture convergence by the transient flow g. mass conver-
gence and h. specific humidity advection. All terms have been converted to mm/day with
convergence (divergence) in green (brown). Climatologic contours are shown for compari-
son and are from -5 to 5 by 1 mm/day with dotted (dashed) contours denoting convergence
(divergence). The zero contour is shown in black.
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Figure 3.4: Regression of JAS horizontal wind (vectors) and mass convergence (colors)
anomalies on standardized Niño 3.4 index for 850 mb (a) and 200 mb (b). Green (brown)
denotes convergence (divergence). Note di↵erence in magnitude; In the top panel mass
convergence is scaled by 10 3 and in the bottom panel mass convergence is scaled by 10 5.
The zero contour is shown in black.
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by the response of the large-scale atmospheric circulation to a heating anomaly over the
Eastern Equatorial Pacific through a Gill-Matsuno mechanism. Anomalous upper tropo-
spheric convergence and low-level mass divergence over North Africa are consistent with
large-scale subsidence east of the area of Pacific heating, opposing conditions favorable for
precipitation. The present study builds upon prior work whose results document changes
in WAM dynamics consistent with a dry Sahel (i.e. (Diallo et al., 2013; Jenkins et al., 2005;
Sylla et al., 2013). Similar changes are confirmed, providing further clarity through the
moisture budget calculation as to how remotely forced (in this case by ENSO) dynamical
changes translate to precipitation variability. Furthermore, results agree qualitatively with
previous studies that depict components of the moisture budget response to a “remote”
source of heating, specifically for the case of Indian Ocean warming (Hagos and Cook,
2008). The consistency between Hagos and Cook, (2008) and the present study provides
additional evidence that “remote” basins’ influences on the Sahel come primarily through
their e↵ects on atmospheric circulation patterns and large-scale stability (Giannini, 2010;
Giannini et al., 2008; Seth et al., 2011). It has been noted that in order to fully disentangle
climate projections for the Sahel, one needs to consider the competition between such re-
mote influences and more local ones, specifically the role of the Atlantic Ocean in supplying
enough moisture at low levels to overcompensate for increased convective thresholds (e.g.
(Giannini et al., 2008; Giannini et al., 2013)). The need for increased understanding of
SST-forced variability as shown in this study thus cannot be overemphasized, particularly
when considering the number of inhabitants who rely on monsoon rains for their livelihoods.
3.5 Supplementary Information
The following provides some additional support for the conclusions presented earlier in the
chapter. First, the CAM5 ensemble mean precipitation is compared to various observational
products, including (but not limited to) CRU TS 3.2.2. Figure 3.5 confirms that the model
is suitable for studying Sahel precipitation patterns based on the spread of a variety of
observations. For each dataset (4 observational/satellite products and the model ensemble
mean), the JAS precipitation climatology for all grid boxes in the region between 10o-20oN
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and 20oW-40oE (the Sahel) shows precipitation rates in the Sahel ranging from 0 mm/day
to over 16 mm/day (CRU), with a median value around 3 mm/day (red line). The CAM5
ensemble mean shows a slight wet bias with median values around 4 mm/day, as well 6 wet
outliers as opposed to only 2 in the other observational/satellite datasets. However, the in-
terquartile range of the CAM5 ensemble is realistic from about 2 mm/day to 6 mm/day. The
range is slightly less than that in the di↵erent observational and satellite-derived datasets,
consistent with a model whose variability is underestimated (Figure 3.1d). It is concluded
that the model reproduces a realistic median precipitation rate and interquartile range in
comparison to a number of other datasets.
As indicated previously, the model does not capture as much variability as the observa-
tions suggest (Figure 3.1c), but it is confirmed that this is at least partly due to the resolu-
tion discrepancies when one compares the CRU precipitation (0.5o latitude/longitude grid)
to the CAM5 model output (T42 horizontal grids, approximately 2.8o latitude/longitude).
When CRU is interpolated to a 2.8o latitude/longitude grid, there is closer agreement in
the RMS between the two datasets (Figure 3.6).
Finally, precipitation from CAM5 and its relationship to ENSO is shown in another way
by computing the correlation coe cients between JAS precipitation anomalies and Niño
3.4 (Figure 3.7). Shading in the figure indicates where correlation is statistically significant
at the 90% confidence level. It is clear from Figure 3.7 that the model captures a negative
relationship between JAS sub-Saharan precipitation anomalies and ENSO, although the
relationship in the West Sahel does not appear as statistically significant. This limitation
in the model helps to explain why precipitation does not respond as strongly to the forcing
in the regression maps presented earlier in the Chapter (Figure 3.2). Nonetheless the
association between ENSO and African summer monsoon rainfall in the model is driven
by the same teleconnection mechanism that is found in nature.
The MCA technique used throughout the previous Chapters is designed to identify the
major modes of co-variability between two independent fields- in this case, precipitation and
SST- and point at the patterns that are associated with the joint variability. As shown earlier
in Figures 3.2a, b the MCA indicates that the only ocean region with significant regression
coe cients to the SST index derived is in the Eastern Equatorial Pacific and is consistent
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with the ENSO SST signature. This provides the first line of reasoning that the primary
mechanisms identified throughout the study are characteristic of ENSO and specifically, El
Niño forcing. However, it is acknowledged that there will be some portion of the Atlantic
co-varying along with ENSO and these areas of the ocean are confirmed in Figure 3.8 by
plotting the correlation coe cients for Niño 3.4 and the global ocean. To account for the
separate influence of the Southern Equatorial Atlantic (SEA), the portion of the global
ocean shown in Figure 3.8 to significantly co-vary with ENSO, a multiple linear regression
is completed for Sahel precipitation on Niño 3.4 and the SEA (defined as SST averaged over
the region 20oW-5oE and 15oS-5oS). This allows for a clearer distinguishment of the roles of
each of the individual basins, accounting for e↵ects of their covariations with one another.
Figure 3.9 shows for CRU (top panels), GPCP (middle panels) and CAM5 (bottom panels)
the regression coe cients for precipitation (in mm/day per degree Celsius SST change) for
positive Niño 3.4 (left panels) and negative SEA (right panels). These plots indicate that the
primary driver of interannual changes in precipitation over the Sahel in the observations
is indeed, ENSO (top left panel), with a slight contribution by the Southern Equatorial
Atlantic, strongest along the Gulf of Guinea coast. This relationship is also confirmed by
GPCP (middle panels), which shows the relationship between a warm Eastern Tropical
Pacific and cool Southern Equatorial Atlantic in contributing to dry conditions throughout
West Africa. It is also clear from the regression coe cients that the model precipitation
responds too strongly to Atlantic forcing (bottom right panel), particularly along the Gulf
of Guinea coast, also extending this signature too far north (with a consistent 0.1 mm/day
contour that reaches 15oN in the model that is not as clear in the observations). This
could be related to the coarse model grid. Given that the South Equatorial Atlantic shows
cold conditions in our MCA decomposition, this helps to explain why during El Niño years
there is such a strong drying pattern along the Gulf of Guinea coast, as opposed to the
weaker signal over the Sahel. This strong response to the Atlantic thus is a bias in the
models response to ENSO, and is likely the result of looking at an AMIP-configuration
model output.
It can still be noted that the ENSO response is not as strong in the model (bottom
left) as in observations (top and middle left) over the Sahel in certain areas (for example,
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Figure 3.5: Boxplots of various observational and satellite-derived datasets and model en-
semble mean showing the JAS precipitation climatology (1979-2008) for all grid boxes in
the region between 10o-20oN and 20oW-40oE. Red lines denote the median precipitation
rate for each dataset; blue boxes indicate the range of the 25th and 75th percentile of the
data; red stars indicate outlier values. Datasets are the University of East Anglia Climatic
Research Unit (CRU), University of Delaware Precipitation (UDEL), Global Precipitation
Climatology Project (GPCP), CPC Merged Analysis of Precipitation (CMAP), and CAM5
ensemble mean (CAM5).
around Lake Chad (approxiamtely 18oE and 15oN) and the location of the drying is slightly
northwards in the model representation. This is consistent with the MCA plot earlier in
the chapter (Figure 3.2d), where similar limitations can be seen in the ENSO-forced drying
response.
Within the global ocean global atmosphere (GOGA) experimental framework, it is not
possible to more completely distinguish between the role of the Atlantic versus the Pacific
basin (or any other basin for that matter). In order to accomplish this, the appropriate
technique would be to use idealized experiments with anomalies applied in a particular
ocean basin, holding the remainder of the global ocean at climatologic values.
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Figure 3.6: CRU RMS monsoon season precipitation variability when interpolated to a 2.8o
latitude/longitude grid to match CAM5.
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Figure 3.7: Correlation (contours) between Niño 3.4 and CAM5 JAS ensemble mean pre-
cipitation. Shading indicates significance at ↵ = 0.1 with green (brown) indicating positive
(negative) correlation.
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Figure 3.8: Correlation of global SST (JAS anomalies) with the standardized Niño 3.4 index
used in the analysis (i.e. Kaplan SST). Contours show correlations and shading indicates
regions where the correlations are significant at ↵ = 0.05 with red(blue) indicating positive
(negative) correlation
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Figure 3.9: Results of a multiple linear regression for CRU (top panels), GPCP (middle
panels), and CAM5 (bottom panels) precipitation, on the Niño 3.4 index and a Southern
Equatorial Atlantic Index (SEA, defined as 20oW-5oE and 15oS-5oS). Units are mm/day
per 1oC SST of change. Left panels show the regression coe cients of precipitation for the
positive phase of Niño 3.4 and right panels show regression coe cients of precipitation for
the negative phase of the SEA Index. The zero contour is shown as a solid black line and
positive (negative) contours are shown by the dotted (dashed) line. Contours are from -0.5
to 0.5 by 0.1 mm/day
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Part II
Superposition of SST anomalies
and their e↵ects on Sahel rainfall
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Chapter 4
Sub-seasonal to seasonal
di↵erences in Sahel precipitation
and large-scale environmental
conditions during recent El Niño
events
4.1 Introduction
On interannual timescales, a dominant oceanic driver of Sahel precipitation variability is
the El Niño-Southern Oscillation (ENSO) (Janicot et al., 1996; Rowell et al., 1995; Thiaw
et al., 1999; Ward, 1998). A negative correlation between ENSO and rainfall in the Sahel
indicates that warm conditions characteristic of El Niño are linked to reduced precipitation
in the Sahel (Janicot et al., 1996; Janicot et al., 2001; Rowell et al., 1992), as previously
shown with the moisture budget framework. According to theory, warming of the surface
ocean in the Pacific is communicated to the atmosphere via deep convection (Chiang and
Sobel, 2002; Gill, 1980; Yulaeva and Wallace, 1994) and the upper tropospheric heating
generated by the convection is distributed horizontally throughout the tropics by Kelvin
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Figure 4.1: 2015 JAS seasonal anomaly (mm) from CAMS-OPI (computed relative to 1979-
2000) in the Sahel
and Rossby waves. The increase in upper tropospheric temperatures results in greater
atmospheric stability and anomalous subsidence outside the area of heating (Lintner and
Chiang, 2007). Broadly speaking, regions of the “remote tropics,” (in this case outside of
the eastern tropical Pacific) including the Sahel, are anomalously dry during El Niño events
because increased stability requires meeting an increased convective threshold (Giannini et
al., 2008; Neelin, 2003; Seth et al., 2011). However, as noted in Lintner and Chiang, (2005),
this framework has limited value where regional processes such as the advection of moisture
play a large role. As such, the precipitation response to El Niño in remote regions, such as
the Sahel, may not be as straightforward as the Gill theory suggests. Indeed, observations
show that the Sahel rainy season coincident with El Niño events is often not anomalously
dry, as was the case in the recent historic event of 2015 (Figure 4.1).
Figure 4.2 reveals that over the last several decades, a handful of anomalously wet Sahel
summers have occurred simultaneously with the development of El Niño events and that the
summer of 2015 was not a one-o↵ case. Motivated by the interesting precipitation anomaly
in 2015 and other El Niño/Wet Sahel summers, this chapter has the following objectives:
1. Objective 1 : Identify precipitation di↵erences early and late in the season during
recent El Niño events
2. Objective 2 : Understand anomalously wet and dry composites in terms of their large-
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Figure 4.2: West African Sahel (10oN-20oN and 20oE-20oW) JJAS standardized precipita-
tion anomalies (1979-2008 climatologic period) from GPCP categorized by type of year (El
Niño-red and non El Niño-black)
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scale environmental conditions
To meet the second objective, a framework that quantifies the competing roles of atmo-
spheric stabilization and of moisture supply in influencing regional precipitation is utilized
(following naming conventions of Giannini et al., (2008)). Giannini et al., (2013) recently
used such an interpretation to reconcile oceanic influence on Sahel climate across obser-
vations, 20th Century simulations, and 21st Century projected precipitation in the Sahel.
Parhi et al., (2016) used similar arguments for distinguishing between precipitation sig-
natures in East and West Africa during El Niño events. Our hypothesis is that even as
El Niño increases the local convective threshold over the Sahel, su cient moisture supply
can overcome it to produce an anomalously wet season. Increased moisture supply to the
Sahel may be achieved through a number of mechanisms, which include: (i) an anomalous
northward shift of the Intertropical Convergence Zone (ITCZ) over the tropical Atlantic
Ocean favoring moisture convergence in the Sahel (Lamb, 1978; Nicholson, 1981); (ii) an
anomalously warm subtropical North Atlantic (10oN-40oN and 75oW-15oW) raising the
moisture in the boundary layer and thus increasing the seasonal moisture supplied by the
monsoon flow (Giannini et al., 2013) ; (iii) changes to low-level winds over the Atlantic,
providing an increased westerly component or southerly component to the flow that results
in a wetter Sahel (Fontaine, 2003; Lélé et al., 2015; Pu and Cook, 2012); and (iv) a con-
currently anomalously warm Mediterranean Sea (Gaetani et al., 2010; Park et al., 2016;
Rowell, 2003) leading to advection of additional moisture into the Sahel from the north.
Importantly, these mechanisms may work together in any given year to force precipitation
patterns in the Sahel. Remote basins can also influence moisture supply through their
e↵ects on large-scale circulation and subsidence patterns (Janicot et al., 1996; Pomposi
et al., 2016; Rowell, 2001). Additionally, di↵erences in ENSO characteristics themselves
(i.e. intensity and location) may also influence seasonal precipitation in the Sahel. Here
composites of El Niño/Wet and El Niño/Dry years in the Sahel are shown to determine
how moisture supply and stability changes di↵er to determine the rainfall.
E↵orts to provide seasonal forecasts of precipitation and additional climate information
to guide decision makers have been steadily increasing in recent decades (Tall, 2012). In
the summer of 2015 approximately 3.5 million farmers in Senegal alone received forecasts
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for the rainy season (O. Ndiaye, personal communication). These forecasts exploit the
predictability of the global ocean and in particular, of the phase and strength of ENSO.
Thus, a study that illustrates how di↵erent Sahel precipitation signatures can exist during
El Niño and that helps to identify how other basins may be interfering with the signal from
the Pacific is of great use for the forecasting community and for users of climate information
in the region. Because the sub-seasonal variability of rainfall is a higher priority piece of
information for local users than total seasonal (JJAS) precipitation (Ingram et al., 2002),
here the focus is especially on di↵erences between the early and late part of the rainy season.
The remainder of the study is organized as follows: Section 4.2 provides an overview of
the data used and a description of the compositing method. In Section 4.3, the di↵erences
in precipitation in El Niño/Wet Sahel and El Niño/Dry Sahel composites are illustrated. In
Section 4.4 the simultaneous global ocean conditions are described and contrasted. Section
4.5 then relates precipitation in each of the composites to stability and moisture supply
changes. Finally, conclusions from the work and a discussion are presented in Section 4.6.
4.2 Data and Methods
4.2.1 Data
The precipitation data used for the study is from the NASA Global Precipitation Climatol-
ogy Product (GPCP) monthly dataset, version 2.2 for 1979-2015. GPCP combines observa-
tions and satellite retrievals to provide precipitation data on a global 2.5o latitude/longitude
grid (Adler et al., 2003). Before proceeding with its use, GPCP is compared with observed
rainfall from the University of East Anglia Climatic Research Unit (CRU) TS 3.2 dataset,
another commonly used precipitation product based on rain gauge measurements interpo-
lated to a 0.5o latitude/longitude grid (Harris et al., 2014). Agreement between the two
datasets is verified (r = 0.8023, significant at ↵ = 0.05) during a recent period of common
overlap (1979-2013). GPCP is used for the remainder of the study because the number
of precipitation stations reporting for CRU has decreased considerably over the early 21st
Century in Africa (see Figure 1 in Biasutti, (2013)) and monthly datasets with a satellite
component have been recommended for use over the Sahel because their coverage of the area
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is more complete (Parker et al., 2011). Overall agreement between GPCP and the NOAA
Climate Prediction Centers (CPC) Climate Anomaly Monitoring System (CAMS) Outgoing
Longwave Radiation Precipitation Index (OPI) (a proxy for precipitation) (Janowiak and
Xie, 1999), as well as NOAA CPCs Merged Analysis of Precipitation (CMAP) (Xie and
Arkin, 1997) is also confirmed (not shown).
Sea surface temperature (SST) data for the time period 1979-2015 is from the NOAA
Extended Reconstructed Sea Surface Temperature (ERSST) dataset, version 4 (Huang et
al., 2015). The remaining variables studied are from the National Center for Environmental
Protection (NCEP)/National Center for Atmospheric Research (NCAR) Reanalysis (Kalnay
et al., 1996) and include temperature, geopotential height, vertical and horizontal wind






q + gz (4.1)
where c
p
T is the enthalpy (c
p
= 1004 J/K/kg is the specific heat of dry air at constant
pressure and T is the temperature in K), L
v
q is the latent heating (L
v
= 2.5 ⇥ 106 J/kg
is the latent heat of vaporization and q is the specific humidity), and gz is the potential
energy (g = 9.81 m/s2 is the gravitational acceleration and z is the geopotential height).
The NCEP/NCAR Reanalysis has been extensively used for understanding atmospheric
phenomena in the Sahel (e.g. (Thiaw and Kumar, 2015)) and is reliable during the later
decades of the 20th Century (Kinter et al., 2004; Poccard et al., 2000), over which the
chapter focuses.
4.2.2 Compositing Methods
In order to form the composites studied in this work, there are several steps. First, El
Niño events during 1979-2015 are characterized by warm conditions above +0.5oC for the
Oceanic Niño Index (ONI) (3 month running average of ERSST anomalies in the Niño
3.4 region). El Niño events are identified and denoted in terms of Year(0)-Year(1). This
results in 11 El Niño events: 1979-1980, 1982-1983, 1986-1987, 1987-1988, 1991-1992, 1994-
1995, 1997-1998, 2002-2003, 2006-2007, 2009-2010, 2015-2016. Since the Sahel rainy season
occurs approximately 6 months prior to El Niño peak conditions and is influenced by it
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during ENSO development (Joly and Voldoire, 2009), the behavior of rainfall during June-
September of Year (0) is studied. Out of all El Niño Year (0) years, we composite around
positive or negative JJAS precipitation anomaly averaged over the West African Sahel (10o-
20oN and 20oE-20oW). The composites retain only years in which there is agreement in the
sign of the precipitation anomaly among all datasets mentioned (GPCP, CRU, CAMS-OPI,
and CMAP). This leads to the following two composites:
• El Niño/Wet Sahel (ENWS): 1994, 2006, 2009, 2015 (n = 4)
• El Niño/Dry Sahel (ENDS): 1982, 1987, 1991, 1997, 2002 (n = 5)
Anomalies are computed with respect to the 1979-2008 climatology and are presented as
averages over the early part of the season (i.e. June-July, JJ) and the late part of the season
(i.e. August-September, AS). For some variables, the climatologic behavior (1979-2008) is
also shown. The di↵erence between the El Niño/Wet Sahel anomaly composite and the El
Niño/Dry Sahel anomaly composite is shown and tested for statistical significance using a
two-tailed student’s t-test with a confidence interval set at 0.90 (↵ = 0.1). We note that the
power of the t-test increases with the sample size of the two composites (Storch and Zwiers,
1999). Since the sample sizes here are small, results should be interpreted with caution
and ideally validated with modeling experiments (discussed later). The sample size of each
composite and the total number of degrees of freedom in this study falls in the range of
previous published works studying observed ENSO composites and their e↵ects on di↵erent
regions of the globe (i.e. (Giannini et al., 2004; Rodrigues et al., 2011; Welhouse et al.,
2016)), motivating the use of this statistical analysis here as well. Hereafter, ENWS-ENDS
refers to the di↵erence in the anomalies between each composite. The current analysis is
limited to the recent past (1979-2015) to ensure that results are not a↵ected by the large
decadal shift in summer precipitation in the Sahel that occurred in the late 1960s.
After distinguishing the two composites based on the behavior in observations, the
precipitation output from an atmosphere general circulation model forced with historic
SSTs for the same years are also shown for comparison. Averaging across the 16- ensemble
members from the GOGA CAM5 experiments already described in Chapters 2 and 3 allows
for asking whether the di↵erent precipitation patterns observed are fundamentally tied to
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the global SST patterns present during the two composites.
4.3 Anomalous rainfall in El Niño/Wet Sahel and El Niño/Dry
Sahel composites
Figure 3.3 shows precipitation anomalies (colors) for the two composites El Niño/Wet Sahel
(hereafter ENWS) and El Niño/Dry Sahel (ENDS) for JJ and AS. In the right panels, the
ENWS-ENDS di↵erence is shown in contours, with shading indicating gridboxes where the
precipitation anomaly is significantly di↵erent between the two composites. Interesting
contrasts in precipitation are seen between the ENWS and ENDS composite and within
the ENWS extended monsoon season (JJAS). During the early part of the season (JJ) in
both composites, the Sahel is anomalously dry. Negative precipitation anomalies (-0.2 to
-1 mm/day) in the ENWS composite exist along the Atlantic coast and along the Gulf
of Guinea coastline to equatorial Africa. In the ENDS composite, negative precipitation
anomalies also occur but are of a smaller magnitude (approximately -0.4 mm/day) and there
are marked di↵erences between the drying in the Sahel and wetting along the Gulf of Guinea
coast. Despite the di↵erence along the Gulf of Guinea coast, the Sahel JJ precipitation
di↵erences between the two composites are relatively small and not significantly di↵erent
from one another.
By AS, a very di↵erent picture emerges. Precipitation in the ENWS composite is
anomalously high (+1 mm/day) throughout the Sahel (straddling approximately 12oN),
and extending over the Atlantic Ocean ITCZ region. This is in contrast with the strong dry
anomaly over the Gulf of Guinea Coast and equatorial Atlantic. This kind of a precipitation
dipole has been shown before ((Janicot, 1992; Nicholson and Webster, 2007), among others)
and is associated with di↵erent sea surface temperatures in the Atlantic basin and resulting
atmospheric circulation patterns (Fontaine and Janicot, 1996). That this structure appears
more prominently in the ENWS composite compared to the ENDS composite provides a
first hint that the precipitation di↵erences may derive their origin from the SST anomaly
in the Atlantic basin.
In contrast, the precipitation anomalies for AS in the ENDS composite are negative over
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Figure 4.3: Average precipitation anomalies for JJ and AS in the ENWS and ENDS com-
posites (colors, mm/day) and the di↵erence in the ENWS-ENDS composites (contours).
Shading in the di↵erence plot indicates where the precipitation anomalies are significantly
di↵erent from one another at ↵ = 0.1 using a two sided student’s t-test. For all panels
the zero contour is the thick black line and contour intervals are solid (dashed) for positive
(negative) anomalies from 0.2 to 1 by 0.2 mm/day
the Sahel and slightly weaker in magnitude (approximately -0.6 to -0.8 mm/day) than in the
ENWS composite. The precipitation dipole structure in AS does not appear in the ENDS
composite, as both the Sahel and much of the Gulf of Guinea coast are anomalously dry.
The ENWS-ENDS di↵erence clearly shows increased precipitation in the wet case extending
throughout 10oN-20oN, and for the Atlantic coast up to about 20oE, while further east the
di↵erences are no longer statistically significant.
Monthly precipitation rates averaged over the Sahel can be seen in Figure 4.4, for the
climatology, ENWS and ENDS composite anomalies. The same overall features from the
precipitation maps are confirmed. While average Sahel precipitation rates are anomalously
negative early in the season (June and July) in both composites, precipitation anomalies
in August and September di↵er quite substantially. In the ENWS composite, the average
Sahel precipitation anomalies in August (+0.77 mm/day) and September (+0.82 mm/day)
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Figure 4.4: Sahel precipitation climatology (blue bars, right axis) and average anomaly (left
axis) for the ENWS composite (green bars) and ENDS composite (brown bars) in mm/day
by month
are approximately 20% and 30% of the average climatologic precipitation rate during those
months, respectively. In comparison, precipitation anomalies in the ENDS composite are
anomalously negative throughout all months June-September, with maximum drying that
occurs in July ( 0.6 mm/day).
Overall agreement between the distinct precipitation patterns described in Figure 4.3
in the observations can also be seen in Figure 4.5, this time using the ensemble mean
from CAM5 forced with global observed SSTs. In the ENWS composite, CAM5 in this
configuration captures the anomalous drying throughout the Sahel in JJ and the switch to
anomalously wet conditions in AS. The magnitude of the anomaly patterns is weaker in the
model. This could partially be due to the averaging of model ensemble members, which
reduces the noise in the precipitation field compared to the observations. Overall, the spatial
patterns greatly match those in the observations with the exception of the wet anomaly in
JJ along equatorial Africa for the ENWS composite. In the ENDS composite, the drying
that is consistent across both JJ and AS is also reproduced in a coherent band of anomalies
over the Sahel. Di↵erences in anomalies for the ENWS-ENDS composite also agree well
with observations and indicate that the precipitation anomalies are significantly di↵erent
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Figure 4.5: The same as in Figure 3 but with CAM5 ensemble mean precipitation
from one another throughout much of the interior Sahel in AS. That the CAM5 model
forced only with historic SSTs is able to capture the distinct sub-seasonal and seasonal
character of precipitation for the two composites builds confidence that their di↵erences are
rooted in oceanic forcing.
4.4 Global SST patterns for the two composites
Common features of global SST anomalies for the two composites can be seen in Figure
4.6 for JJ and AS and for the ENWS and ENDS composite, and their di↵erence. In both
composites (by design), the clearest SST signal that emerges is that of the warm anomalies
in the Eastern Tropical Pacific, characteristic of El Niño. There are however noticeable
di↵erences between the two composites in the El Niño pattern. In the ENDS composite,
during both JJ and AS, a strong narrow strip of positive SST anomalies (> +1oC) appear
in the eastern equatorial Pacific, close to the west coast of South America. This contrasts
with the weaker warm anomalies (between +0.6oC-0.8oC), spread over a wider latitudinal
band, in the ENWS composite in the same region. Although the ENWS-ENDS panels do
not indicate that the di↵erence in SST anomalies for the two composites is significant in
the Eastern Tropical Pacific, there are significant di↵erences in JJ around the date line
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Figure 4.6: Average SST anomalies (oC) for JJ and AS in the ENWS and ENDS composites
(colors) and the di↵erence in the ENWS-ENDS composites (contours). Shading in the
di↵erence plot indicates where the SST anomalies are significantly di↵erent from one another
at ↵ = 0.1 using a two sided student’s t-test. For all panels the zero contour is the thick
black line and contour intervals are solid (dashed) for positive (negative) anomalies from
0.2 to 1 by 0.2oC
and western Pacific warm pool and that increase in spatial extent by AS. These significant
di↵erences, along with the larger contrast in SST between the anomalously warm eastern
part of the Pacific basin and the anomalously cold western part in the ENDS composite,
indicate that the ENSO strength is larger in those years. The Southern Oscillation Index,
the atmospheric response to El Niño, is also more negative (indicative of stronger events)
for JJAS in the ENDS composite. How these di↵erences in the El Niños might a↵ect
precipitation in the Sahel is further explored in Figure 4.7.
Another clear di↵erence that emerges in the global SST anomaly field for the two com-
posites is the contrasting behavior in the Atlantic Ocean and Mediterranean Sea. In the
ENWS composite, SST anomalies are mostly positive in the northern part of the Atlantic
basin in JJ, except for a localized center of weakly negative anomalies o↵ the west coast
of Africa. By AS, the entire portion of the Atlantic from 10oN-40oN is anomalously warm,
which is generally consistent with increased Sahel precipitation (Giannini et al., 2013). Ad-
ditionally, the anomalously warm Mediterranean Sea in both JJ and AS also favors a wet
Sahel (Gaetani et al., 2010; Park et al., 2016; Rowell, 2003). On the other hand, in the
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ENDS composite the west coast of Africa is surrounded by anomalously cool SSTs, which
although weak in JJ, strengthen by AS. Negative SST anomalies in the Atlantic are limited
to 25oN, north of which there is a small positive SST anomaly. The Mediterranean is also
anomalously cool during the years comprising the ENDS composite. Significant di↵erences
in the SST anomaly between the two composites are limited only to the Mediterranean,
but the lack of statistical significance could be impacted by the small sample size of each
composite (e.g. (Storch and Zwiers, 1999)). The anomalously warm Indian Ocean in both
composites suggests that it is not the main contributing factor in reconciling the precipita-
tion di↵erences between the two composites, and physically, it has been shown to negatively
correlate with Sahel rainfall in most studies (Bader and Latif, 2003; Lu, 2009). According
to Hagos and Cook, (2008) however, a widening in the region of convergence over the Indian
Ocean can result in divergence over the equatorial Atlantic Ocean rather than the African
continent. There is a suggestion of enhanced precipitation over the Indian Ocean in the
ENWS composite in a slightly larger area (not shown). Thus, the contribution of the Indian
to the moisture supply from the Atlantic cannot be entirely ruled out.
4.5 Relating precipitation, stability, and moisture supply in
the ENWS and ENDS composites
Having explored the di↵erences in precipitation anomaly between the two composites and
shown clear di↵erences in global SST anomaly patterns, the di↵ering precipitation outcomes
are explored in terms of their large-scale environmental conditions, specifically the stability
of the atmosphere and the moisture supply into the Sahel.
4.5.1 Relating precipitation di↵erence to stability arguments
The temperature profile of the tropical atmosphere is shown in Figure 4.7. Warming of
the atmosphere can be seen, consistent with warming expected during El Niño events,
promoting increased atmospheric stability of the tropics. One caveat we must note is
that since the Sahel summer season leads peak El Niño conditions by about 6 months,
some of the temperature anomalies shown here are likely also the result of other factors,
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as the Pacific event has yet to peak. We take the liberty of referring to stabilization by
El Niño within the composites because they only contain El Niño years, but given the
small samples, other factors are not filtered well and thus we recognize that some of the
warming may be due to other influences. Additional warming could be due to the Indian
Ocean which is anomalously warm in both composites and over which convective heating
anomalies have been shown to also influence the Sahel (Lu, 2009). In the ENWS composite,
warming over the Eastern Tropical Pacific is consistent throughout the atmospheric column
and increases in magnitude from JJ to AS. The warming is ubiquitous aloft and persists
near the surface through to about 150oE where the temperature anomalies are negative. In
the ENDS composite, warm temperature anomalies are also present throughout the tropical
atmospheric column, deriving their origin from the Eastern Tropical Pacific near the surface
where they are strongest (0.4oC) in JJ and AS. Near the surface in AS in the ENDS
composite, negative temperature anomalies occur between about 100oE-150oE. The larger
contrast in this East-West temperature near the surface over the Pacific basin in the ENDS
composite compared to the ENWS composite is consistent with the stronger El Niños during
years comprising the former as already mentioned. As a result, the tropical temperature
anomalies in the upper troposphere (200 mb), are slightly higher across longitudes in the
ENDS composite (+0.2o to +0.8oC) compared to the ENWS composite (+0.2oto +0.6oC).
Yet, di↵erences in the temperature anomaly for the ENWS-ENDS composite are often not
statistically significant, particularly in the Eastern Tropical Pacific region from which the
warming signal originates. A lack of significant di↵erences in outgoing longwave radiation (a
proxy for precipitation in the deep tropics) and precipitation over the tropical Pacific El Niño
region also confirms this result (not shown). Furthermore, the di↵erence in temperature at
low (i.e. 850 mb) and upper (i.e. 200 mb) layers is not significantly di↵erent in the two
composites and over Africa is actually greater in the ENWS composite (not shown).Thus,
while increased atmospheric stability via warming is observed, it does not fully resolve why
precipitation in the ENWS composite is greater than in the ENDS composite, nor why
precipitation early in the ENWS composite is anomalously negative but recovers by AS.
According to Chou and Neelin, (2004), increased tropospheric temperatures as seen in
Figure 4.7 for both composites require an increase in atmospheric boundary layer MSE in
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Figure 4.7: Tropical average (20oS-20oN) temperature anomalies (oC) for JJ and AS in the
ENWS and ENDS composites (colors) and the di↵erence in the ENWS-ENDS composites
(contours). Shading in the di↵erence plot indicates where the SST anomalies are signifi-
cantly di↵erent from one another at ↵ = 0.1 using a two sided student’s t-test. For all panels
the zero contour is the thick black line and contour intervals are solid (dashed) for positive
(negative) anomalies from 0.4 to 1 by 0.2oC. The solid blue line along the x-axis identifies
longitudes spanning the Eastern Tropical Pacific (90oW-180oW) and the solid green line
identifies longitudes spanning Tropical Africa (40oE-20oW)
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order to maintain conditions suitable for convection. At the surface, MSE is dominated by
contributions from specific humidity; this necessary increase in moisture content and where
it originates is considered next.
4.5.2 Relating precipitation di↵erence to moisture supply arguments
Another way through which the global ocean influences the sub-seasonal to seasonal totals
of Sahel precipitation is via moisture supply. This can be accomplished largely in two ways:
changes to the monsoonal flow pattern itself (by either strengthening or weakening it) or
by increasing or decreasing the moisture content of the flow. Both can have implications
for the amount of moisture convergence, thus precipitation, over the Sahel. Because moist
convection is in quasi-equilibrium with the large scale circulation (Emanuel et al., 1994;
Neelin and Held, 1987), in the composite study it is di cult to distinguish whether the
increased moisture supply is a response to the convection or a cause of convection itself.
In this section, we therefore seek to understand where increased moisture supply is derived
but cannot explicitly state that it precedes the increased precipitation in the region or is
simply consistent with it. Answering this question will be attempted in future work with
idealized model simulations.
Figure 4.8 shows the 925 mb geopotential height field for JJ and AS in the clima-
tology and for the di↵erence between the ENWS-ENDS. Anti-cyclonic flow around the
high-pressure center in the subtropical North Atlantic is evident in the climatology from
JJ through AS, with a slight shift northward in AS. The 925 mb geopotential height also
decreases slightly over the Tropical Atlantic as the summer season progresses (Davis et al.,
1997).
The ENWS-ENDS panels show little di↵erence in the 925 mb geopotential height anomaly
in JJ over tropical latitudes but significantly lower anomalies in AS for the ENWS com-
posite over the north Tropical Atlantic and to a lesser degree, North Africa. Geopotential
height anomalies and SST anomalies in the north Tropical Atlantic have been shown to
strongly co-vary with one another starting in spring (Frankignoul et al., 2003). Here, the
transition from anomalously cool SSTs in the Tropical Atlantic early in the season (JJ) to
anomalously warm (approxiamtely 0.2oC) in AS in the ENWS composite is associated with
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Figure 4.8: 925 mb geopotential height (gpm) for the climatology (left panels) and the
di↵erence between the ENWS and ENDS composites anomalies (right panels) for JJ and
AS. For the climatologic panels, contours are from 720 to 900 by 20. For the anomalies the
zero contour is the thick black line and positive (negative) contours are solid (dashed) from
-20 to 20 by 5. Shading in the right panels indicates where the ENWS and ENDS anomalies
are significantly di↵erent from one another using a two-sided student’s t-test at ↵ = 0.1
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a weakening of the subtropical high and anomalous westerly flow into West Africa (Figures
4.9 and 4.10).
Figure 4.9 shows the 925 mb horizontal wind field for the climatology and ENWS-ENDS
di↵erence. The main features of the climatology are the anti-cyclonic flow at this low-level
around the high pressure center in the subtropical North Atlantic and the south-westerly
monsoon flow that crosses through the West African coast around 10oN. We also note the
northerly flow field from the Mediterranean that some authors have shown to influence
Sahel precipitation (Gaetani et al., 2010; Park et al., 2016; Rowell, 2003).
The di↵erence between the ENWS-ENDS composite indicates a weakening of the cli-
matological northeasterly flow over the subtropical North Atlantic and anomalous monsoon
flow at low levels in both JJ and AS, but the signal is much stronger in AS. The increased
monsoonal flow (and particularly its zonal component) around 18oW and 8oN-10oN in the
ENWS composite is significantly more westerly than the zonal flow in the ENDS composite
(Figure 4.9) and is anomalously moist (Figure 4.10). Both the wind anomalies and increased
specific humidity in the lower atmosphere are consistent with the warm subtropical North
Atlantic south of 25oN observed in the ENWS composite in AS. Neither Figure 4.9 nor Fig-
ure 4.10 show strong evidence for the role of a warm Mediterranean increasing precipitation
in the Sahel. While the ENWS-ENDS flow pattern does show strengthened northerly flow
from the Mediterranean in the ENWS composite, it primarily occurs in JJ when the Sahel
is still anomalously dry.
Finally, in Figures 4.11 and 4.12 we show the vertical structure of the circulation and
moist static energy to further support that the increased moisture supply in the ENWS
case originates from the Atlantic. Figure 4.11 shows the climatology and ENWS-ENDS
anomaly of the meridional and vertical components of the wind field averaged over West
Africa longitudes (20oE-20oW). Deep convection that begins in JJ slightly south of 10oN
moves northwards to the Sahel latitudes by AS. Cross-equatorial flow over the Tropical
Atlantic in the south and northerly flow from the Sahara in the north meet and shallow
convection occurs around 20oN. Further south, deep covection can be seen. The increased
Sahel precipitation in the ENWS composite is clearly consistent with increased vertical
ascent centered at 10oN (Figure 4.11). There is also a link with the anomalous southerly
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Figure 4.9: 925 mb horizontal wind fields for JJ and AS. The left panels show the clima-
tologic winds and the right panels show the di↵erence in the ENWS and ENDS anomalous
wind fields (m/s, see di↵erent scales along bottom). In the right panels, shading indicates
where the u-component of the wind field is significantly di↵erent in the ENWS and the
ENDS composite using a two-sided student’s t-test at ↵ = 0.1
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Figure 4.10: JJ and AS 925 mb specific humidity (kg/kg) for the climatology (left panels)
and ENWS-ENDS composite anomaly di↵erences. The same wind vectors from Figure 4.9
are shown. Shading in the right panels indicates regions where the specific humidity is
significantly di↵erent between the composite anomalies using a two-stided student’s t-test
at ↵ = 0.1
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flow at approximately 700 mb. This anomalously southerly flow is present in both JJ and
AS in the ENWS composite. It represents a reduction of the northerly return flow in the
shallow circulation in JJ, but a deepening of the monsoon flow in AS. However, it is not
until AS that the air which straddles the 700 mb level and sits south of the Sahel (from
10oS to 10oN) has significantly higher MSE content in the ENWS composite (Figure 4.12).
The anomalously high MSE increases the instability of the monsoon layer (Eltahir and
Gong, 1996; Fontaine et al., 2008) as it is advected into the main convecting region by the
anomalous southerly flow around 700 mb in the ENWS composite, representing a deepening
of the monsoon convection (Nicholson and Grist, 2001). The di↵erence in the MSE between
JJ and AS is more apparent than the di↵erence in the wind field. This suggests that the
changes in the shallow circulation while similar in JJ and AS do not independently account
for the precipitation di↵erences in the two composites. Once the rainfall begins, the MSE
anomalies reinforce the e↵ect of the reduced capping of the convection. While the cause of
the higher MSE air at these middle atmospheric levels is not immediately identified, it is
consistent with the precipitation di↵erences between the ENWS and ENDS composite and
between JJ and AS in the ENWS composite. Since the MSE at mid to low atmospheric levels
in the tropics is dominated by q, the significant MSE anomalies in the ENWS composite
compared to the ENDS composite are primarily a result of higher moisture content rather
than temperature.
4.6 Conclusions
Motivated by the historic El Niño event of 2015 and the surprising behavior in West African
Sahel precipitation during that summer, this chapter has provided a diagnostic study of
Sahel precipitation during recent El Niño events and interpreted di↵erent behavior in the
context of increased atmospheric stability or moisture supply. We study average Sahel
summer (JJAS) precipitation in 9 recent El Niño years. Sahel precipitation is anomalously
high in 4 out of the 9 years and anomalously low in 5 of the 9 years. We then composite
around the precipitation anomalies and show the anomalous behavior for the El Niño/Wet
Sahel (ENWS) and El Niño/Dry Sahel (ENDS) summers while distinguishing early in the
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Figure 4.11: Meridional and vertical components of the wind field (m/s) averaged over the
Sahel (20oE-20oW)for JJ and AS. The left panels show the climatology and the right panels
show the di↵erent between the ENWS-ENDS composite anomalies. The blue (green) lines
denote areas over the ocean (land). Note that the vertical wind component is scaled by a
factor of 10 3
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Figure 4.12: MSE (J/kg) averaged over the Sahel (20oE-20oW) for JJ and AS . Latitudes
over the ocean (land) are denoted by the blue (green) line. The black vertical lines distin-
guish Sahel latitudes. The contour interval is -1000 to 1000 by 200. Shading in the right
panels indicates regions where the MSE is significantly di↵erent between the composite
anomalies using a two-sided student’s t-test at ↵ = 0.1
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RECENT EL NIÑO EVENTS 85
season (JJ) from late in the season (AS). We find that precipitation in both composites is
anomalously dry early in the season, but by AS the ENWS composite is consistently wetter
than average, more than compensating for the earlier drying, so that the JJAS seasonal
average is positive. In AS, the precipitation anomalies in the Sahel and Gulf of Guinea in
the ENWS composite also display what has been referred to in the literature as a “dipole”
structure, hinting at the role of the Tropical Atlantic in influencing the precipitation pattern
strongly in the ENWS composite. In contrast, the ENDS composite is anomalously dry
throughout both JJ and AS along both the Sahel and the Gulf of Guinea coast.
The anomalous global SST patterns for each composite as well as their di↵erence are
then shown. Even though all selected years are El Niño years, the two composites show
noticeable di↵erences in the SST pattern in the tropical Pacific, indicating that the El Niño
events are di↵erent in the two composites. Primarily, the ENDS composite shows a stronger
El Niño, with warmer SST anomalies in the Eastern Tropical Pacific and cooler anomalies
in the West Pacific. The strength of the SOI index confirms the increased strength of
El Niños for years comprising the ENDS composite compared to the years in the ENWS
composite. Yet, the tropical tropospheric warming that occurs in both composites and
is consistent with El Niño forcing does not appear significantly di↵erent over the eastern
equatorial Pacific. The di↵erent El Niño patterns might play some role in influencing the
precipitation for the ENWS and ENDS composites, but their di↵erences alone do not appear
to completely resolve the di↵erent seasonal or sub-seasonal precipitation characteristics in
the two composites.
We find that a more compelling argument for understanding the di↵erent precipitation
signatures for the ENWS and ENDS composite and within the season, is linked to increased
moisture supply to the Sahel. This is shaped fundamentally by the changes in SST and low
tropospheric circulation in the subtropical Atlantic. The relatively warm conditions in the
subtropical North Atlantic are weak in JJ but grow to encompass the entire basin in AS. This
induces di↵erent early and late season precipitation patterns within the ENWS composite
and in the ENDS composite. The association of the relatively warm (cold) subtropical
North Atlantic and anomalously wet (dry) ENWS (ENDS) composite is consistent with
the results of multiple studies that attribute di↵erences in wet and dry years in the Sahel
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to changes in the Atlantic (e.g. (Giannini et al., 2013; Lamb, 1978; Ward, 1998), among
others).
The relatively warm subtropical North Atlantic is associated with a weakened geopo-
tential height anomaly seen in AS in the ENWS composite. This is linked with an increased
monsoon flow, with significant increases in the zonal wind and low-level specific humidity
over the ocean around 10oN and 25oW that feeds the Sahel with increased moisture and
destabilizes the column, which is consistent with the results presented in (Hastenrath and
Polzin, 2011). Additionally, there is evidence for a deepening of the monsoon layer and
increased southerly flow at mid-atmospheric levels that is anomalously high in MSE. This
situation provids increased thermodynamic instability to the area of deep convection cen-
tered around the Sahel latitudes allowing for anomalously high precipitation in the Sahel in
AS even during El Niño events. Moreover, here we find support that this increased moisture
supply is due to the changes in SST and circulation in the subtropical North Atlantic rather
than to the impact of the warm Mediterranean Sea.
The extent to which the Atlantic basin a↵ects the moisture supply in the Sahel as a
response to circulation changes driven by El Niño forcing or absent of them cannot be
fully resolved from such an observational study, particularly one with a small sample size.
Furthermore, because it is di cult to clearly isolate the ability of the anomalous convection
feeding back upon itself to promote increased moisture convergence, the results presented
here are not to be interpreted as causal without further study. In particular, the hypothesis
that Atlantic SST are playing a critical role in overcoming the El Niño influence on Sahel
precipitation should be addressed with a complete suite of idealized model experiments
with multiple ensemble members. In such idealized setting, SST anomalies can be applied
in di↵erent ocean basins, their strengths varied, and the resulting evolution of convection
studied with high temporal resolution. This is the goal of future work.
Overall, the present work shows compelling evidence that the traditionally viewed nega-
tive relationship between precipitation in the Sahel and ENSO must be considered carefully
in concert with other regional influences. This work serves as one important case study for
scientists and forecasters in the Sahel to consider in El Niño years when information from
seasonal forecasts is disseminated locally.
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Chapter 5
Discussion and future research
directions
5.1 Rationale
Chapters 2 and 3 showed the results of using CAM5 with a GOGA framework and deter-
mined the seasonally averaged mechanisms of moisture convergence and precipitation. This
was followed by Chapter 4 which showed the starkly di↵erent precipitation patterns that
exist in the Sahel during recent El Niño years. Combined, the work of the above chapters
provide a suitable foundation on which further research into the question of oceanic control
on Sahel precipitation lies.
A series of additional atmospheric model experiments are performed to (i) isolate the
influence from separate basins on the build-up of convection in the Sahel and (ii) to exam-
ine the potential superposition of separate forcings on seasonal precipitation characteristics.
It is of particular interest to continue to demonstrate and attribute the e↵ects of particu-
lar basins anomalies on the seasonal development and resulting precipitation in the Sahel
because within a seasonally averaged framework it is hard to distinguish between the mech-
anisms of remote ocean influences on the convection from the impact of the latter on the
large-scale atmospheric circulation (i.e. the “diagnostic” link between tropical convection
and moisture flux convergence). Thus, future work will focus on the daily evolution of the
WAM from prior to the first rains occurrence to onset and through its decline. Contrasting
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wet and dry years, this is a robust way to better resolve the impacts of remote and local
ocean forcing on the movement of convection from the Guinea coast inland and northward
into the Sahel.
5.2 Experiments
Preliminary results from the first of such transient experiments are discussed briefly be-
low. Three distinct experiments with CAM5, support the prior results of Chapters 2-4.
In the first experiment, climatologic (1979-2008) global monthly SSTs and sea ice distri-
bution from the Met O ce Hadley data (Rayner et al., 2003) are used to force a control
experiment extending from January 1st to December 31st with 30 ensemble members. The
climatologic control experiment produces a suite of atmospheric and climate variables that
can be compared to observations over a similar climatologic period of the recent past.
For the second and third experiments, SST anomalies are superimposed on the clima-
tologic SSTs used in the control experiment (Figure 5.1). The anomalies are applied on
May 1st and persisted for six months through October 31st. For the second experiment, a
+0.5oC warming is placed in the Niño 3.4 region of the Pacific Ocean (120oW-170oW and
5oS-5oN). For the third experiment, the same forcing in the Niño 3.4 region is maintained
and an additional +1.0oC warming in the North Atlantic (10oN-40oN and 15oW-75oW) is
added. Each of these experiments is repeated 30 times with slightly di↵erent atmospheric
initial conditions on May 1st generated during the climatologic SST experiments. The en-
semble mean for each experiment is computed to retain the forced signature of the di↵erent
SST anomaly patterns.
In order to understand SST forcing of sub-seasonal precipitation patterns, monthly vari-
ables are shown for their early season (June-July, JJ), and late season (August-September,
AS) behavior for all three experiments: the climatologic control experiment (Climatol.),
the El Niño experiment (EN), and the El Niño- Warm North Atlantic experiment (ENNA).
Anomalies for the EN and ENNA experiments are calculated by removing the climatologic
ensemble mean (averaged over the 30 years of the climatologic experiment). Di↵erences
in the daily progression of variables throughout the season are computed by removing the
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Figure 5.1: SST anomaly patterns for the El Niño experiment (top) and El Niño-North
Atlantic experiment (bottom). Light red shading inticates an anomaly of 0.5oC. Dark red
shading indicates an anomaly of 1oC. The May-October climatologic SSTs are also shown
(contours)
climatologic ensemble mean behavior for each day and discussed.
5.2.1 Seasonal Precipitation Characteristics in Idealized Experiments
A brief summary of the precipitation from the experiments follow. As shown earlier in
Chapters 2 and 3, CAM5 forced with historic SSTs (as completed for the climatologic
control experiment) reproduces realistic features of the rainy season in the Sahel, shown
in Figure 5.2 for JJ and AS, with a comparison to GPCP. This includes a realistic spatial
structure with precipitation that extends from the Gulf of Guinea coast through 12oN with




Figure 5.2: Monthly precipitation climatology for JJ and AS from GPCP and for the CAM5
climatologic control experiment (Climatol. Exp.) ensemble mean. Contours are from 2 to
12 by 2 mm/day.
decreasing rates. The 2 mm/day contour, a rough approximation of the Sahel’s northward
extent is once again slightly northward biased in the model. The wet bias over the Red
Sea in CAM5 persists, as noted and described in Chapter 3. The precipitation maximum
along the west coast of Africa is present in CAM5 but is too narrow in the model, extending
only to about 30oW. In addition to the spatial structure being well represented, the model
nicely captures the northward progression of the rainband from JJ to AS, as is shown in
observations.
In Figure 5.3 the seasonal evolution of zonally averaged (20oE-20oW) precipitation is
shown. The same northward bias is evident in the model, with the 2 mm/day contour reach-
ing almost 20oN in the model but limited to several degrees further south (approximately
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Figure 5.3: Annual cycle of the zonally averaged (20oE-20oW) precipitation in GPCP the
CAM5 climatologic control experiment (Climatol. exp.). Contours are from 2 to 12 by 2
mm/day
16oN) in GPCP. The heaviest rainfall (8 mm/day contour) in the Sahel (above 10oN) starts
just after June in the observations but not until later (July) in the model. A similar delay
is seen in the 4 mm/day contour at 15oN where it exists in observations before August but
centered on August 1st in the model. In summary, while the model displays a reasonable
seasonal migration there is some delay compared to the observations.
We next turn to the idealized SST experiments to see how precipitation anomalies de-
velop throughout the season, focusing on both subseasonal (JJ and AS) and daily precipita-
tion statistics. Figure 5.4 shows the monthly precipitation anomalies for the weak El Niño
experiment (EN) and the weak El Niño/warm North Atlantic experiment (ENNA). Not
surprisingly, the weak El Niño experiment results in anomalously dry conditions through-
out the Sahel during JJ which strengthen by AS due to moisture divergence over Africa.
The maximum in dry conditions occurs over the west African coast and the Atlantic Ocean
and is related to forced descent over Africa and divergence of moisture from the continent,
consistent with the results of Chapter 3. The anomalous dry conditions which extend from
the northern limits of the Sahel at 20oN to the West African coastline around the Equator
CHAPTER 5. DISCUSSION AND FUTURE RESEARCH DIRECTIONS 92
are distinctly di↵erent than the precipitation anomalies in the ENNA experiment. Anoma-
lously wet conditions over the Sahel are contrasted with dry conditions along the coastline
that resemble the results shown in Chapter 4 for the El Niño/Wet Sahel composite. There,
it was posited that the di↵erences in the El Niño precipitation pattern derive their origin
in the subtropical Atlantic. Here a similar precipitation pattern is obtained, including the
contrasting precipitation anomalies in the interior Sahel compared with those along the
Gulf of Guinea. Warming of the subtropical North Atlantic overwhelms the drying forced
by El Niño conditions and the region is anomalously wet, although the strongest anomalies
are limited to the western Sahel in close proximity to the moisture source (i.e. the warm
subtropical North Atlantic). The region is also anomalously warm in both JJ and AS and
does not show noticeable sub-seasonal di↵erences. It must be noted that because of the
large forcing applied (+1oC) in the subtropical North Atlantic, results from the experi-
ments shown here are not intended to give direct comparison with the results of Chapter
4. Instead, the preliminary idealized experiments provide a display of the sensitivity of the
model to remote and local forcings of varying magnitudes. Experiments with more realistic
SST anomly patterns (including both a weak El Niño forcing and weak subtropical North
Atlantic forcing) should be completed to more directly support existing hypothesis about
regional versus remote forcing of precipitation.
5.2.2 Daily Precipitation Characteristics in Idealized Experiments
Figure 5.5 shows a summary of the ensemble mean daily rainfall for the various experiments
from May 1 to October 31 and compares them with the University of Santa Barbara’s Cli-
mate Hazards Group Infrared Precipitation with Station data (CHIRPS) daily precipitation
dataset (Funk et al., 2015). As previously noted, the model displays a wet bias with consis-
tently higher daily rainfall than the observations suggest. The peak in precipitation evident
in August is consistent across the observations and model runs and the shape of the precip-
itation distribution within the season is realistic. Table 1 provides some additional simple
statistics that characterize the experiments daily resolution precipitation behavior and show
how the idealized experiments compare with the climatology.
With the daily resolution precipitation output from a suite of ensemble members, there
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Figure 5.4: Monthly precipitation anomalies for JJ and AS in the EN and ENNA experi-
ments. Contours are from -1 to 1 by 0.25 mm/day. Positive (negative) values are shown as
solid (dashed) contours and the zero contour is shown in the thick black line.
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Figure 5.5: Daily precipitation (mm/day) in the CHIRPS observations (blue), CAM5 cli-
matologic control experiment ensemble mean (thick solid black), EN experiment (thin solid
black), and ENNA experiment (dashed black)
exists the possiblity to explore other notable aspects of sub-seasonal variability produced
by the model. This includes a measure of the date of onset of the rainy season or the rainy
season’s length. There is some evidence of a change in the timing of the rainy season among
the di↵erent experiments. Figure 5.6 shows a time-latitude cross section of zonally averaged
(20oE-20oW) precipitation from the model experiments (contours). The horizontal black
line denotes the southward margin of the Sahel (10oN) and the vertical black line denotes
the approximate date when the heaviest rainfall rates are stable around 10oN, distinguishing
the start of the rainy season (following metholodology of (Sultan et al., 2005)). Based on
this rough estimate for the onset, one sees a start date around July 1st for the climatologic
control experiment, a possible delay for the EN experiment (around July 8th), and the
earliest start for the ENNA experiment (June 29th). It should also be noted that the
heaviest precipitation rates (> 9 mm/day, indicated by the darkest color) are realized for
many fewer days in the EN experiment than either the climatologic or ENNA experiments.


































Figure 5.6: Time-latitude plot from May 1 to October 31 of daily rainfall (mm/day) av-
eraged over the Sahel longitudes (20oE-20oW) for the climatologic ensemble mean (top),
EN experiment (middle), and ENNA experiment (bottom). Contours interval is 1 mm/day
and shading indicates precipitation rates above 5 mm/day. The horizontal black line distin-
guishes the southern edge of the Sahel and the vertical black line shows an approximation
of the start of the rainy season, as described in the text.
CHAPTER 5. DISCUSSION AND FUTURE RESEARCH DIRECTIONS 96
Table 5.1: Average precipitation rate (mm/day) for the Climatologic Control Experiment
and percent change for the EN and ENNA experiments by month
Experiment May Jun Jul Aug Sep Oct 
Climatol. 1.43 2.09 3.97 5.16 3.8 1.86 
       
EN  +1% +3% -3% -6% -6% +1% 
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Chapter 6
Conclusions
The role of the global ocean as a primary driver of Sahel precipitation variability has
been well established and documented, starting early in observational studies (Lamb, 1978;
Nicholson, 2000; Rowell et al., 1995) and confirmed later with modeling experiments ((Bader
and Latif, 2003; Giannini et al., 2003; Lu, 2009; Lu and Delworth, 2005), among others).
Less well understood however are the physical mechanisms which link oceanic anomalies
with precipitation change in the region and how they operate across timescales. This is
further complicated as the Sahel is known to respond to multiple basins forcings in a way
that may not be linear. To aid in filling these research gaps, the work of this thesis explored
and documented the relationship between oceanic forcing and precipitation variability in
the Sahel with a particular focus on understanding variations observed over the 20th to
early 21st Century. This was completed using a blending of observations, reanalysis data,
and global climate model output.
Two complementary studies utilizing an atmospheric moisture budget approach to dis-
tinguish precipitation variability on di↵erent timescales were described (Chapters 2 and 3).
These studies distinguished variations in net surface moisture primarily by changes in mean
and transient flow moisture convergence, as well as mass convergence and specific humidity
advection. In Chapter 2, the 20th-Century decadal drought in the Sahel was reproduced
well by a previous version of the Community Atmosphere Model, CAM4. When driven with
historic SSTs, it was found that the Atlantic and Indian Oceans were the most strongly cor-
related with the observed precipitation pattern of the 20th Century, implicated in causing
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the precipitation decline. This is in corroboration with previous studies which have linked
a negative meridional gradient across the Atlantic (relatively cold conditions in the north
and warm conditions in the south) with shifts in the latitude of the ITCZ and a weaker
West African Monsoon, thus less precipitation in the Sahel. There is also evidence here
for a warm Indian Ocean also impacting the decadal scale variability as indicated by other
authors. It was then studied through the moisture budget how these changes in the global
oceans related to land-based precipitation change over the Sahel. The main results showed
that mass convergence dominates in the main precipitating region and that the advection
of specific humidity from the north sets the northward migration of the rainbelt.
Chapter 3 then focused on similar work to explore higher-frequency, interannual varia-
tions. This work also benefitted from a more current version of CAM, specifically CAM5
which reduced biases in the simulation of Sahel rainfall. In Chapter 3 it was found that the
leading order of interannual precipitation variability in the Sahel is the ENSO phenomenon
and its impacts on the region via reorganizing large-scale circulation patterns. Its e↵ects
can be seen in a traditional Gill-Matsuno type response, reorganizing circulation patterns
including reducing monsoon flow and increasing subsidence over the Sahel. The result is
that the area is anomalously wet because of mass convergence changes and there is less
of a role played by the specific humidity advection in comparison to the decadal timescale
previously shown.
Chapter 4 then provided a case study of sub-seasonal and seasonal precipitation vari-
ability during recent El Niño events. This was motivated by the interesting seasonal precip-
itation anomaly of 2015, when it was anomalously wet throughout much of the Sahel region
even as the season occurred during an historic El Niño event. Results showed that almost
half of El Niño events throughout the last three decades were anomalously wet in the Sahel
and a little more than half anomalously dry. The reasons for these di↵erent precipitation
signatures were then explored and studied with a sub-seasonal focus, looking at precipita-
tion patterns in JJ and AS for both cases- El Niño/Wet Sahel and El Niño/Dry Sahel. It
was found that the di↵erences are rooted in global oceanic signatures and specifically the
moisture supply to the region. In observations, the moisture needed to overcome increased
amospheric stability is from the subtropical Atlanic, but there may be lingering e↵ects from
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the remote forcings of other basins (i.e. the Pacific and Indian) on local circulation over the
Atlantic. Thus, the hypothesis of subtropical Atlantic forcing overcoming El Niño should
be further explored and confirmed with the help of model studies. However, this Chapter
also demonstrates that the observed precipitation di↵erences between the two composites
are resolved with GOGA CAM5, implying that they are oceanic in nature. The work here
also clearly illustrates the di↵erent sub-seasonal and seasonal precipitation signatures that
have recently existed with common El Niño forcing, which is important for the application
of seasonal forecasting information in the region.
In summary, this thesis work has added to our understanding of the relationship be-
tween oceanic forcing and characteristics of Sahel hydroclimate, a necessity in light of the
diverging outcomes for future Sahel precipitation. It is clear that the Sahel region of Africa
will continue to be an important region of study from both a scientific and climate im-
pacts perspective, particularly in the face of continued anthropogenic climate change. Even
though there is some suggestion of future precipitation in the region increasing, this result
carries much uncertainty and variability in rainfall can be expected to continue. As the
community continues to study the complex physical processes at play in the region, a per-
fect understanding of the system will remain elusive, simply due to its complex nature. Still,
it is encouraging to see the progress that has been made in engaging locally and building
meaningful partnerships between teams of scientists and practitioners in the region to build
our understanding of the various factors shaping the Sahel’s climate. Additionally, when
scientific questions are motived by the needs of end-users, there is more capability for the
results to be applied in meaningful ways that benefit the lives of others. It is hoped that the
results presented in this thesis provide a stepping stone from which further questions can
be developed with partners to provide utility to end-users of climate information. In such a
way, the goal of science serving society can be achieved and help to increase the resiliency
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